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Foreword 


This  study  explores  parallel  fuel  injection  as  a  possible  candidate  for  a  supersonic 
air  breathing  propulsion  device  and  also  explores  the  possibility  of  enhancing  fuel-air 
mixing  by  varying  injector  nozzle  geometry.  An  extended  two-dimensional  strut,  with 
the  base  generating  a  recirculation  zone  for  flame  stabilization,  was  used  to  support  a  fuel 
injector.  Helium,  used  to  simulate  gaseous  hydrogen  fuel,  was  injected  from  the  base  of 
the  strut  into  a  Mach  1.92  freestream  air  flow.  Three  converging  nozzle  geometries, 
circular,  circular-with-tabs,  and  elliptic,  were  evaluated. 

Schlieren  photography.  Laser  Doppler  Velocimetry  (LDV),  Planar  Laser  Induced 
Fluorescence  (PLIF)  and  Rayleigh/Mie  scattering  diagnostic  techniques  were  used  to 
characterize  the  aerodynamics  of  this  fuel  injection  scheme.  An  innovative  image 
analysis  scheme  was  developed  to  characterize  mixing  for  the  different  nozzle 
geometries,  addressing  the  long  term  research  issue  of  characterizing  mixing.  A  shape 
factor  was  used  to  describe  the  mixing  potential  of  the  jets  in  the  near  base  region  where 
large-scale  structures  dominate  mixing.  A  mixedness  index  was  used  downstream  to 
evaluate  the  quality  of  small-scale  mixing  for  each  nozzle  configuration. 

Flow  visualization  and  LDV  results  show  that  the  jets,  for  all  the  injection  cases, 
are  confined  to  the  region  which  is  marked  by  the  wake  region  in  the  flow  without 
injection.  It  appears  that  compressibility  effects  limit  the  jet  spread  in  the  transverse 
direction.  Observation  and  mixing  analysis  show  that  the  jet  emanating  from  the  circular- 
with-tabs  jet,  with  two  tabs  oriented  on  a  vertical  line,  has  the  largest  mixing  potential 
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(large  shape  factor)  and  undergoes  the  most  complete  mixing  downstream  (high 
mixedness  index).  The  second  best  mixing  was  exhibited  by  the  elliptic  nozzle,  with  its 
major  axis  along  a  vertical  line.  This  nozzle  produced  a  disturbance  in  the  wake  flow 
surrounding  the  jet  proper  which  may  improve  flame  holding  in  combustion  applications. 
The  circular-with-tabs  nozzle  with  tabs  oriented  along  a  horizontal  line  and  the  elliptic 
nozzle  with  major  axis  along  a  horizontal  line  exhibited  the  poorest  mixing 
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angle  to  Y  axis  (counter  clockwise) 

E3  elliptic  nozzle  oriented  with  major  axis  along  Z  axis 
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g  variance 
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1  pixel  intensity 
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average  pixel  intensity 
maximum  pixel  intensity 
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mixedness  parameter  for  digitized  images 
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number  of  fringes  in  LDV  measurement  volxzme 

total  number  of  samples  in  a  summation  set 

static  pressure 

momentum 

stagnation  pressure 

Prandtl  number 

perimeter 

cylindrical  tab  diameter  (Figure  2.102) 

radius  of  a  particle 

universal  gas  constant 

effective  radius  of  jet  cross-sectional  area 
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correlation  coefficient  between  u  and  v 

Reynolds  number 

shape  factor 

Stokes  number 

segregation 

static  temperature 

stagnation  temperature 

circular-with-tabs  nozzle  oriented  with  tabs  along  Y  axis 

circular- with-tabs  nozzle  oriented  with  tabs  at  a  45  degree 
angle  to  Y  axis  (counter  clockwise) 

circular-with-tabs  nozzle  oriented  with  tabs  along  Z  axis. 

time 

streamwise  velocity 
mean  streamwise  velocity 
convection  velocity 
effective  velocity 

calculated  Mach  2  ffeestream  air  velocity 
streamwise  velocity  fluctuation 
unmixedness 

rmmixedness  with  mean  value  consideration 
turbulent  normal  stress  in  streamwise  direction 
turbulent  (Reynolds)  shear  stress 
velocity  in  transverse  direction 
mean  velocity  in  transverse  direction 
velocity  fluctuation  in  the  transverse  direction 
turbulent  normal  stress  in  transverse  direction 
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velocity  in  the  spanwise  direction 
W  mean  velocity  in  spanwise  direction 

X  streamwise  distance  measured  from  nozzle  exit  and  coincident  end  of  strut 

Y  transverse  distance  measured  from  center  of  injection  nozzle 

Z  spanwise  distance  measured  from  center  of  injection  nozzle 

Greek  symbols 

a  semi-major  axis  of  an  ellipse,  fraction  of  time 

P  semi-minor  axis  of  an  ellipse,  fraction  of  time 

5  botmdary  layer  thickness 

5w  size  of  largest  eddies  or  width  of  flow 

Y  specific  heat  ratio 

K  lens  half  angle  in  degrees 

X  wavelength  of  radiation  or  light 

p  absolute  fluid  viscosity 

Tj  Kolmogorov  microscale  of  length 

7t  3.14159 

p  density 

pp  density  of  particle 
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CHAPTER  1 


INTRODUCTION 

Gaseous  injection  into  supersonic  flows  has  many  engineering  applications.  One 
which  concerns  the  aerospace  industry  and  combustion  engineers  in  particular  is  injection 
of  gaseous  hydrogen  or  hydrocarbon  fuels  in  supersonic  combustion  ramjet 
(SCRAMJET)  engines.  It  has  been  argued  that  air  breathing  supersonic  combustion 
engines  offer  the  best  performance  for  a  single-stage-to-orbit  flight  vehicle 
[Heppenheimer  1989].  However,  the  challenges  involved  in  the  realization  of  such  a 
vehicle  are  still  beyond  present  engineering  capabilities. 

In  a  conventional  ramjet  engine,  the  air  flow  is  captured  by  an  inlet  and 
decelerated  to  subsonic  speed  before  entering  the  combustor.  There  is  a  vast  pool  of 
engineering  experience  in  the  design  of  ramjet  powered  systems,  perhaps  because  the 
mechanisms  involved  in  the  transport  and  mixing  of  fuel  and  air  in  these  systems  are  not 
much  different  from  those  encountered  in  gas  turbine  combustors.  Ramjets  have 
demonstrated  excellent  performance  and  are  the  engines  of  choice  for  flight  in  the  Mach 
number  range  3  to  6  [Heiser  and  Pratt  1994].  At  higher  flight  speeds  however,  the 
reduction  in  the  total  pressure  recovery  of  the  inlets,  combined  with  a  rise  in  the  static 
temperature  of  the  air  entering  the  combustor  chamber,  degrades  the  performance  of 
conventional  ramjets  [Curran  and  Stull  1963]. 

At  hypersonic  flight  speeds,  the  performance  of  the  ramjet  engine  can  be 
increased  if  combustion  is  allowed  to  take  place  at  supersonic  velocities  rather  than 
decelerating  to  subsonic  velocities.  Scramjet  propulsion  systems  employ  three- 
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dimensional  compression  inlets,  geometrically  complex  fuel  injection  systems,  and  two- 
or  three-dimensional  exhaust  nozzles.  During  operation,  these  components,  both 
individually  and  as  a  system,  generate  spatially  and  temporally  complex  flow  fields  that 
contain  viscous/inviscid  interactions  with  thermochemical  effects.  Adding  to  the 
complexity  of  the  flow  field  is  the  fact  that  the  fore  and  aft  sections  of  the  vehicle  are 
necessarily  used  as  compression  and  expansion  surfaces.  The  resulting  vehicle  is  a 
highly  integrated  flight  vehicle/engine  configuration  which  must  operate  efficiently  as  a 
single  element  over  a  wide  flight-speed  envelope  in  very  challenging  thermodynamic 
environments  [Heiser  and  Pratt  1994].  General  lack  of  engineering  experience  with 
scramjet  powered  vehicles,  together  with  the  currently  limited  understanding  of  the 
physics  of  mixing  and  heat  release  in  supersonic  flows,  have  made  the  engineering 
realization  and  implementation  of  an  efficient  hypersonic  vehicle  a  formidable  task. 

Designing  a  fuel  injection  scheme  to  produce  optimal  fuel-air  mixing  and 
combustion  within  the  space  and  time  constraints  of  a  supersonic  combustor  remains  one 
of  the  primary  engineering  challenges  in  scramjet  technology.  Enhancement  and  control 
of  fuel-air  mixing  in  supersonic  flows  suffers  from  very  short  time  scales  and  inherently 
low  mixing  rates  at  higher  Mach  numbers  [Papamoschou  and  Roshko  1988,  Samimy  and 
Elliott  1990].  Normal,  oblique,  and  parallel  fuel  injection  schemes  have  all  been 
considered  in  past  studies.  Normal  injection  produces  the  best  mixing  but  incurs  a 
significant  total  pressure  loss,  primarily  due  to  the  generation  of  a  strong  bow  shock 
[King  et  al.  1989].  Injection  at  an  oblique  angle  has  shown  an  improved  total  pressxire 
recovery  as  compared  to  normal  injection  and  an  improved  mixing  and  fuel  distribution 
when  compared  to  parallel  injection  [McClinton  1972,  Mays  et  al.  1989,  Fuller  et  al. 
1992].  Parallel  injection  of  fuel  can  provide  a  significant  component  of  the  engine  thrust 
in  high  flight  Mach  numbers,  but  has  only  limited  mixing  capability. 
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Parallel  fuel  injection  shows  promise  in  terms  of  thrust  addition  and  absence  of 
significant  thrust  losses,  provided  that  mixing  can  be  increased.  The  need  to 
mechanically  support  the  parallel  injection  nozzle  and  connected  fuel  lines  can  be 
fulfilled  by  a  variety  of  designs.  Two  of  the  proposed  design  configurations  are  struts 
extending  across  the  primary  flow  channel  separating  the  flow  into  discrete  air  streams 
[Heppenheimer  1989],  and  wall  mounted  ramp  injectors  that  protrude  a  limited  distance 
into  the  freestream  [Waitz  et  al.  1992a].  Ramp  injectors  produce  vortex  shedding  and 
shock  waves,  both  of  which  enhance  mixing  of  the  jet  and  freestream  flow.  However,  the 
ramps  are  intrusive  to  the  supersonic  flow,  causing  excessive  pressure  loss  and  requiring 
extensive  cooling  at  high  flight  Mach  numbers.  Despite  numerous  base  flow  studies 
[Samimy  and  Addy  1986,  Amatucci  et  al.  1992,  Dutton  et  al.  1995],  to  date,  there  is  no 
detailed  experimental  study  of  injection  from  the  base  of  a  two-dimensional  strut  into  a 
turbulent  supersonic  flow.  Nonetheless,  parallel  injection  from  a  strut  is  expected  to 
incur  minimal  shock  losses  and  mixing  may  be  enhanced  by  such  means  as  modified 
nozzle  geometry. 

The  objectives  of  this  investigation  were  to  determine  the  fundamental 
characteristics  of  parallel  fuel  injection  from  an  extended  strut  into  a  supersonic 
freestream  and  to  explore  passive  mixing  enhancement  through  the  use  of  different 
nozzle  geometries.  The  configuration  designed  for  experiments  in  this  study  consisted  of 
a  two-dimensional  strut  spanning  a  nominal  Mach  two  combustion  wind  tunnel.  The 
strut  extended  into  the  settling  chamber,  well  upstream  of  the  supersonic  nozzle,  to 
eliminate  leading  edge  shocks  and  to  produce  a  well  behaved  two  stream  Mach  1 .92  flow 
upstream  of  the  bluff-body  separation  point.  Gaseous  helium  was  injected  into  the  Mach 
1 .92  air  flow  through  three  converging  nozzles  of  different  geometry:  circular,  circular- 
with-tabs,  and  elliptic. 
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CHAPTER  2 


BACKGROUND 

Injection  from  the  base  of  a  strut,  as  in  the  present  experimental  program,  results 
in  a  complex  three-dimensional  flow  field.  The  use  of  various  nozzle  geometries  for 
injection  compounds  the  complexity.  This  section  describes  the  basic  structures  and 
characteristics  of  the  flow  field  components  that  are  combined  in  the  configuration  used 
for  the  current  experimental  program. 

2.1  Injection  schemes 

Overcoming  the  inherently  low  mixing  rates  in  supersonic  flows  is  one  of  the  key 
engineering  challenges  for  the  design  of  supersonic  combustors.  The  overall  goal  is  to 
produce  optimal  mixing  and  combustion  with  minimal  thrust  loss  within  the  spatial  and 
temporal  constraints  of  the  combustion  chamber.  Molecular  mixing  of  the  initially 
segregated  fuel  and  air  streams  must  occur  in  order  to  produce  the  chemical  reaction  and 
heat  release  of  combustion  which  yields  the  expansion  of  hot  gases  and  produces  thrust. 
The  failure  of  fuel  and  oxidizer  to  mix  fully  results  in  incomplete  combustion  and  lost 
chemical/heating  energy  of  the  fuel  [Glassman  1987]. 

In  addition  to  fuel/air  mixing,  age  mixing  or  back  mixing  of  partially  or  wholly 
burned  gases  into  the  uncombusted  fuel/air  mixture  is  necessary  in  order  to  achieve 
sustained  self-ignition  without  the  aid  of  an  external  energy  source  such  as  a  pilot  flame, 
spark  plug  or  ignition  point  [Pratt  1975].  Age  mixing  in  supersonic  combustion 
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istypically  achieved  by  the  use  of  a  bluff  body.  The  function  of  a  bluff  body  is  to  create  a 
turbulent  wake  in  which  age  mixing  occurs,  thereby  sustaining  or  "holding"  the  flame. 

Mixing  enhancement  in  supersonic  combustion  applications  thus  involves  two 
components  -  initial  fuel/air  mixing  and  age  mixing.  Fuel  injection  parallel,  normal 
[e.g.,  Schetz  and  Billig  1966,  Papamoschou  et  al.  1991]  and  at  an  oblique  angle  [e.g. 
McClinton  1972,  Mays  et  al.  1989,  and  Fuller  et  al.  1992]  to  the  mean  ffeestream  air  flow 
have  all  been  considered  as  possible  configurations  for  mixing  capability  in  supersonic 
combustion  applications.  Figure  2.1  shows  schematics  of  underexpanded  jets  injected 
normal,  at  an  oblique  angle,  and  parallel  to  a  supersonic  freestream.  Normal  or  oblique 
injection  through  flush  mounted  wall  injectors  is  an  attractive  method  of  fuel  injection, 
because  it  avoids  the  need  for  cooling  and  protection  of  the  injectors.  However,  in  these 
configurations,  the  thrust  component  of  the  fuel  is  not  aligned  with  the  flight  direction, 
flame  holding  is  a  problem,  and  the  presence  of  the  fuel  jet  causes  bow  shocks  in  the  air 
stream,  resulting  in  thrust  losses  [King  et  al.  1989].  Parallel  fuel  injection  on  the  other 
hand,  actually  adds  thrust  to  the  air  stream,  due  to  the  momentum  associated  with  the  fuel 
stream.  It  also  avoids  the  strong  bow  shocks  caused  by  normal  injection,  and  can  provide 
an  integrated  flame  holder.  However,  parallel  injection  results  in  less  effective  mixing  of 
the  jet  with  the  ffeestream  fluid  as  compared  to  normal  injection. 

Considering  the  trade-offs  between  thrust,  shock  losses,  flame  holding,  mixing 
and  fuel  distribution  in  parallel,  normal  and  oblique  injection,  parallel  injection  seems 
promising  in  terms  of  thrust  realization  and  flame  holding,  provided  that  mixing  can  be 
increased.  Acoustic  excitation,  variations  in  nozzle  geometry  or  shock  induced  mixing 
are  potential  mixing  enhancement  techniques.  Of  these  methods,  the  passive  method  of 
variation  in  nozzle  geometry  appears  most  practical  for  applications  in  combustors,  since 
shock  waves  induce  losses  and  acoustic  excitation  requires  additional  hardware. 
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Noncircular  nozzle  geometries  have  been  used  in  incompressible  and 
compressible  flow  research  to  promote  better  mixing  between  the  jet  and  freestream 
fluids.  Several  of  the  basic  nozzle  geometries  previously  tested  include  circular, 
triangular,  square,  rectangular  and  elliptic.  The  oblong  shapes  of  the  ellipse  and  the 
rectangle  create  an  azimuthal  variation  of  initial  conditions  which  results  in  a 
phenomenon  referred  to  as  "axis-switching."  Axis-switching  has  been  shown  to 
significantly  increase  mixing  in  both  subsonic  [Ho  and  Gutmark  1987,  Quinn  1989,  Shih 
et  al.  1992]  and  supersonic  jets  [Schadow  and  Gutmark  1989].  Three-dimensional, 
irregular  nozzle  geometries  incorporating  'teeth'  [Wlezien  and  Kibens  1987,  Longmire  et 
al.  1992]  and  tabs  [Samimy  et  al.  1993,  Zaman  et  al.  1994]  at  the  nozzle  exit  have  been 
shown  to  create  streamwise  vortices  which  increase  mixing.  A  representative  illustration 
of  a  nozzle  with  teeth  is  shown  in  Figure  2.2  and  a  nozzle  with  delta  tabs  in  Figure  2.3. 

The  present  investigation  examines  helium  injection  from  circular,  elliptic,  and 
circular-with-tabs  nozzles  into  a  supersonic  flow.  The  circular  nozzle  was  chosen  as  the 
baseline  geometry.  The  elliptic  nozzle  was  chosen  to  explore  the  effects  related  to  an 
oblong  geometry.  The  circular-with-tabs  nozzle  was  chosen  to  examine  effects  of  vortex 
generators  mounted  at  the  exit  of  a  nozzle. 

The  need  to  mechanically  support  the  parallel  injection  nozzle  and  connected  fuel 
lines  can  be  fulfilled  by  a  variety  of  designs,  each  with  its  own  flow  patterns.  Two  of  the 
configurations  proposed  in  recent  studies  are  struts  extending  across  the  primary  flow 
channel  separating  the  flow  into  discrete  air  streams  [Heppenheimer  1989],  and  wall 
mounted  ramp  injectors  that  protrude  a  limited  distance  into  the  freestream  from  one  of 
the  channel  walls  [Waitz  et  al.  1991].  An  advantageous  consequence  of  injection  from 
the  base  of  either  the  strut  or  ramp  injector  is  the  recirculation  zone  typical  of  flow 
around  a  bluff  body,  which  in  combustion  applications  enables  flame  holding. 
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Wall  mounted  ramp  injectors  have  been  the  focus  of  several  recent  parallel 
injection  endeavors.  The  wall  mounted  ramp  injectors  have  been  designed  to  fit  on  one 
wall  of  a  square  channel  [Davis  and  Hingst  1991,  Waitz  et  al.  1991, 1992a,  and  1992b]  or 
around  the  circumference  of  an  axisymmetric  channel  [Yu  et  al.  1992].  Ramp  injectors 
produce  vortex  shedding  and  local  separation  behind  the  ramp's  base.  In  some  designs, 
shock  waves  are  employed  to  enhance  mixing  by  generating  a  shock  wave  that  passes  at 
an  oblique  angle  through  the  jet  of  injected  fluid.  Vorticity  is  created  at  any  point  in  a 
flow  field  where  a  pressure  gradient  interacts  with  a  nonparallel  density  gradient.  Thus, 
when  a  shock  wave  passes  obliquely  through  a  column  (jet)  of  low  density  fluid 
surroimded  by  a  higher  density  primary  flow  (air),  vorticity  is  created  precisely  where  it 
is  desired:  at  the  gas/air  interface  [Jacobs  1992,  Waitz  et  al.  1992b].  The  mechanism 
generating  vorticity  is  referred  to  as  baroclinic  torque  and  can  be  seen  in  the  source  term 
of  the  vorticity  equation: 


D(m\ 
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were  p  is  density,  P  is  pressure  and  fD  is  vorticity.  Continued  research  on  ramp  injectors 
focuses  on  exploiting  the  mixing  enhancement  capabilities  of  the  flow  patterns  inherent 
in  the  various  parallel  injection  configurations. 

Despite  numerous  base  flow  investigations  [Samimy  and  Addy  1986,  Amatucci  et 
al.  1992,  Dutton  et  al.  1995,  Raffoul  1995]  there  has  as  yet  been  no  detailed  experimental 
study  of  injection  from  the  base  of  a  two  dimensional  strut.  However,  numerical 
simulations  have  been  performed.  The  symmetry  of  a  two-dimensional  strut  with  the 
injector  nozzle  mounted  at  the  center  lends  itself  to  numerical  analysis,  because  the 
configuration  for  the  strut  can  be  divided  into  four  identical  quadrants  about  the  center  of 
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the  nozzle,  whereas  the  asymmetric  ramp  injector  configuration  can  only  be  divided  into 
two  identical  quadrants.  A  two-dimensional  numerical  simulation  by  Sullins  et  al.  [1982] 
highlighted  the  basic  characteristics  of  the  flow  field  resulting  from  injection  from  a  two- 
dimensional  slot  injector  at  the  base  of  a  strut.  More  complex  three-dimensional  analysis 
evolved  with  the  increase  in  computational  power  of  more  recent  super  computers.  A 
very  recent  three-dimensional  numerical  simulation  by  Chen  et  al.  [1995]  provides 
calculated  thermodynamic  properties  of  a  jet  issuing  from  a  3.5  mm  circular  nozzle 
mounted  in  the  base  of  a  strut  with  thickness  (h)  equal  to  1.27  cm. 

The  simplicity  of  the  strut  with  its  well  defined  initial  conditions  makes  it 
attractive  for  experimental  as  well  as  numerical  studies.  Thus,  parallel  injection  from  the 
base  of  a  strut,  like  that  explored  by  Chen,  is  the  configuration  chosen  for  the  present 
experimental  program.  Three  different  injector  nozzle  geometries  were  used:  circular, 
circular-with-tabs,  and  elliptic. 

2.2  Planar  mixing  layer  structures 

The  following  summary  of  previous  work  in  planar  free  shear  layers  is  intended 
as  backgroimd  on  the  shear  layer  structures  present  in  incompressible  and  compressible 
flows.  Although  the  free  shear  layers,  also  referred  to  as  mixing  layers,  originating  at  the 
base  of  the  strut  experience  compressibility  effects,  incompressible  planar  shear  layers 
are  presented  here  in  order  to  introduce  the  organized  structures  present  in  incompressible 
flows  that  are  affected  under  compressible  conditions. 

Incompressible  mixing  layers 

A  simple  two-dimensional  incompressible  shear  layer  consists  of  two  fluid 
streams  of  equal  pressure  traveling  parallel  to  one  another  at  different  subsonic  velocities. 
Shear  stress  arises  at  the  interface  between  the  two  streams,  due  to  the  velocity  difference 
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between  the  flows.  The  shear  stress  generates  a  Kelvin-Helmholtz  instability  at  the 
mixing  interface,  that  produces  large-scale  vortices. 

Research  on  the  large-scale  structures  in  planar  mixing  layers  was  initiated  by 
Brown  and  Roshko  [1974]  and  later  reviewed  by  Ho  and  Huerre  [1984].  Large-scale 
structures  are  the  primary  mixing  mechanism  in  a  two-dimensional  incompressible 
mixing  layer  and  appear  as  a  rolling  up  of  the  plane  at  the  interface  of  the  two  streams 
(Figure  2.4).  The  rolling  motion  engulfs  fluid  from  both  streams  and  stretches  the  mixing 
interface.  This  stretching  of  the  mixing  interfacial  area  simultaneously  increases  the  local 
concentration  gradients  and  increases  the  area  of  interaction  between  the  two  fluids.  The 
smallest  scale  mixing  achieved  is  on  the  molecular  level  at  the  interface  between  the  two 
fluids  and  is  thus  accelerated  with  the  increase  of  the  area  of  contact  between  the  two 
fluids. 

In  addition  to  the  primary  large  spanwise  vortices,  secondary  streamwise 
structures  can  evolve  in  mixing  layers.  Numerous  observation  of  streamwise  streaks  in 
flow  visualizations  [Konrad  1976,  Breidenthal  1981],  "mushroom"  shaped  ejected  fluid 
structures  [Bernal  1981],  and  shear  layer  deformation  [Jimenez  1983]  were  early 
indicators  of  the  presence  of  streamwise  structures  which  prompted  further  research. 

Detailed  analysis  of  subsonic  mixing  layers  by  Lasheras  et  al.  [1986]  showed  that 
small-scale  streamwise  vortices  evolve  in  the  braid  region  between  larger  spanwise 
vortices.  The  region  between  the  vortex  pairs  is  referred  to  as  the  "braid"  region  because 
of  the  entwined,  thin  ligaments  of  vorticity  linking  adjacent  vortex  structures.  Lasheras 
and  Maxworthy  used  a  water  tunnel  to  produce  a  turbulent  reacting  mixing  layer  between 
a  6.5  cm/s  stream  a  3.5  cm/s  stream  of  aqueous  solution,  one  being  acidic  and  one  being 
basic.  They  captured  the  generation  and  development  of  streamwise  vortical  structures 
and  their  interaction  with  the  spanwise  structures  using  Planar  Laser-Induced 
Fluorescence  (PLIF)  and  a  direct  color  based  visualization  of  an  acid/base  reaction 
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between  the  two  streams.  The  mechanism  of  axial  vorticity  production  was  identified  as 
the  response  of  spanwise  vortex  lines  in  the  braid  region  to  small  three-dimensional 
perturbations.  The  spanwise  vortex  cores  cause  a  strong  positive  strain  rate  in  the  braid 
region  which  results  in  three-dimensional  instabilities  that  are  sensitive  to  perturbations. 
The  counter-rotating  streamwise  vortex  pairs  grow  as  they  propagate  downstream  and 
deform  as  they  pass  through  each  spanwise  vortex  core.  A  follow-up  study  with  the  same 
experimental  setup,  using  a  sinusoidal  trailing  edge  attached  at  the  end  of  the  splitter 
plate  to  induce  spanwise  vortices,  provided  more  details  on  the  nonlinear  interaction 
between  the  primary  spanwise  and  secondary  streamwise  structures  [Lasheras  and  Choi 
1988]. 

Bernal  and  Roshko  [1986]  performed  similar  water  tunnel  experiments  along  with 
a  helium-nitrogen  shear  layer  experiment.  The  water  tunnel  experiments  clearly  showed 
spatially  organized  counter-rotating  vortex  pairs  on  the  top  and  bottom  of  streamwise 
vortex  cores  (Figure  2.5).  These  streamwise  vortices  produced  a  well-defined  spanwise 
entrainment  pattern  in  which  fluid  from  each  stream  is  preferentially  entrained  at 
different  spanwise  locations.  This  study  also  showed  the  existence  of  streamwise  streaks 
in  schlieren  images  of  a  high  Reynolds  number  helium-nitrogen  mixing  layer,  indicative 
of  the  presence  of  streamwise  vortices.  The  streaks  are  fixed  with  each  flow  condition 
but  changed  in  number  and  location  when  the  upstream  flow  was  changed  by  replacing 
upstream  flow  conditioning  screens.  This  suggests  that  the  streamwise  vortices  are 
associated  with  flow  instabilities  that  amplify  upstream  disturbances. 

Later,  Bell  and  Metha  [1990]  showed  that  the  streamwise  vortical  structures  that 
appear  in  laminar  two-stream  mixing  layers,  as  in  the  aforementioned  studies,  disappear 
when  the  boundary  layers  were  tripped  to  induce  turbulence.  This  signifies  that  the 
turbulent  motion  in  the  boundary  layer  typically  found  in  high  Reynolds  number  flows 
prohibits  the  formation  of  organized  streamwise  structures  without  substantial  artificial 


disturbances.  Furthermore,  they  found  that  both  the  near  and  far  field  growth  rate  to  be 
significantly  higher  for  the  untripped  case.  This  was  attributed  to  the  presence  of 
streamwise  vortices  that  result  in  additional  entrainment  in  the  mixing  layer. 

Compressibility 

In  cases  where  at  least  one  of  the  fluids  is  traveling  at  supersonic  velocity,  the 
large-scale  spanwise  vortices  evolve  as  in  subsonic  flows,  but  compressibility  effects 
decrease  their  growth  and  their  entraining  ability  (seen  as  a  decrease  in  the  shear  layer 
spread  rate).  Bogdanoff  [1983]  and  Papamoschou  and  Roshko  [1988]  have  developed  a 
parameter  to  describe  the  compressibility  effects  in  supersonic  shear  layers  between  two 
pressure  matched  streams  of  fluid.  This  parameter,  referred  to  as  the  convective  Mach 
number,  Mq,  is  defined  as  the  convection  speed  of  the  large-scale  structures  in  the  shear 
layer  relative  to  the  velocity  of  one  of  the  streams,  normalized  by  the  speed  of  sound  of 
the  same  stream: 
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Where  Uj  and  U2(U]>  U 2)  are  the  velocities  of  the  two  streams  forming  the  shear  layer 
(Figure  2.4),  11^  is  convective  velocity,  a j  and  02  are  the  speed  of  sound,  and  Md  and 
M(.2  are  the  convective  Mach  numbers  with  respect  to  these  two  streams.  With  the 
assumption  of  a  common  stagnation  point  between  the  two  streams  [Coles  1981], 
implying  equal  total  pressures  in  the  two  streams  at  the  stagnation  points,  one  can  state: 
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where  ^  i  and  ->2  are  the  specific  heat  ratios  for  the  fluid  in  stream  1  and  stream  2, 
respectively.  When  and  Mc2  are  not  very  large  and  and  •^2  are  not  greatly 
different,  equation  2.3  can  be  approximated  by: 
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Where  pi  and  p2  are  the  densities  of  the  fluid  in  stream  1  and  stream  2,  respectively. 
Together  with  the  defining  equation  (2.2),  this  becomes: 
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2.5 


For  7i  =  72 ,  Mci  =  Mc2  (simply  written  can  be  expressed  in  the  simplified  form: 

f/,  "f"  LJ 

C/  =_2_J - 2_2  2.6 

«l+«2 

Frequently  Md  or  is  not  specified;  rather,  M(.  is  written  without  reference  to  either 
stream,  in  which  case  either  MqI  is  equal  to  Mq2  (i-e.,  11=  I2)  r>r  Mq  is  assumed  to  be 
equal  to  the  value  of  Me since  the  high  speed  fluid  provides  the  driving  force  for  the 
mixing  layer. 

It  is  important  to  note  that  although  compressibility  effects  are  present  in  all  types 
of  injection  into  supersonic  flow,  the  convective  Mach  number  is  defined  solely  for 
mixing  layers  between  two  parallel,  pressure  matched  streams  of  fluid.  Nonpressure 
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matched  conditions  involve  quickly  changing  velocities  and  pressure  conditions  not 
addressed  in  the  convective  Mach  number  derivation. 

Papamoschou  and  Roshko  [1988]  showed  that  the  normalized  gro'wth  rate  of  the 
shear  layers  decreases  for  >  0.6  and  reaches  an  asymptotic  value  of  about  20%  of  the 
incompressible  spread  rate  for  high  convective  Mach  numbers  (i.e.,  >  1.5  or  2.0). 

More  recent  studies  in  planar  shear  layers  have  investigated  such  factors  as  shear  stress 
and  turbulence  intensity  [Elliott  and  Samimy  1990,  Samimy  and  Elliott  1990,  Goebel  and 
Dutton  1991].  These  studies  indicate  that  both  small  and  large-scale  mixing  decrease 
with  increased  convective  Mach  number. 

When  the  flow  velocities  are  increased  to  a  level  where  compressibility  effects  are 
significant,  the  spanwise  large-scale  structures  become  highly  three-dimensional  and 
disorganized  [Elliott  et  al.  1992,  Samimy  et  al.  1992].  Clemens  and  Mungal  [1992] 
examined  the  change  in  characteristics  of  the  large-scale  structures  in  the  shear  layer  as 
the  convective  Mach  number  was  increased  from  a  low  compressible  case  {Mq  =  0.28)  to 
high  compressible  cases  {Mq  =  0.62,  0.79).  Planar  Mie  scattering  images  and  schlieren 
photographs  showed  the  two-dimensional,  organized,  spanwise  structures  in  the  low 
compressibility,  Mq  =  0.28,  shear  layer  (characteristic  of  incompressible  shear  layers)  to 
become  highly  convoluted,  three-dimensional  structures  lacking  spatial  regularity  with 
the  increase  of  Mq  to  0.62  and  0.79.  The  differences  between  the  Mq  -  0.28  and  Mq  = 
0.62  cases  are  attributed  to  compressibility  effects  rather  than  to  Reynolds  number  effect 
because  the  Reynolds  numbers  were  nearly  matched  in  these  two  cases.  There  was  no 
obvious  difference  between  the  Mq  =  0.62  and  Mq  =  0.79  cases.  Clemens  and  Mungal 
observed  small  jets  of  mixed  fluid  being  ejected  from  the  mixing  layers;  these  jets  may  be 
initiated  by  small-scale  counter-rotating  vortices.  They  conjecture  that  three- 
dimensionality  may  impact  the  ability  to  force  and  control  compressible  mixing  layers. 
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Summary 


Incompressible  shear  layers  exhibit  well  organized  spanwise  large-scale 
structures.  In  addition  to  these  spanwise  structures,  organized  secondary  streamwise 
structures  are  evident  in  incompressible  flows  with  incoming  laminar  boundary  layers. 
These  secondary  structures  are  absent  with  an  incoming  turbulent  boundary  layer,  typical 
of  high  Reynolds  number  flows,  upstream  of  the  shear  layer.  As  the  velocities  of  the 
freestreams  are  increased,  compressibility  effects  reduce  the  spread  of  the  mixing  layer. 
Compressibility  effects  also  cause  the  two-dimensional  spanwise  large  vortices  to 
become  highly  three-dimensional  and  disorganized. 

2.3  Axisymmetric  shear  layers 

The  following  summaiy  of  previous  work  in  free  jets  and  coaxial  jets  provides 
background  concerning  the  structure  and  characteristies  of  the  mixing  layer  around  the 
circumference  of  the  jet,  and  highlights  the  specific  characteristics  of  an  underexpanded 
jet.  Although  the  helium  jet  in  the  present  study  encounters  a  complex  flow  field  due  to 
the  wake  flow  behind  the  strut,  an  understanding  of  the  well  documented  structure  of  jets 
in  simple  flow  conditions  provides  a  basis  for  an  understanding  of  the  complex 
interactions  of  the  jet  in  the  present  study. 

Incompressible  flows 

In  axisymmetric  incompressible  shear  layers,  the  vorticity  roll-up  caused  by  the 
Kelvin-Helmholtz  instability  results  in  axisymmetric  vortex  rings  (Figure  2.6).  These 
vortex  rings  are  the  counterpart  of  spanwise  vortices  formed  in  a  planar  shear  layer.  As 
the  jet  exits  the  circular  nozzle  it  encounters  a  velocity  gradient  (along  with  temperature, 
pressure,  and  density  gradients)  that  cause  flow  instabilities.  These  instabilities  result  in 
a  migration  of  vorticity  to  form  periodic,  circumferentially  coherent  concentrations  in  the 


14 


axisymmetric  shear  layer.  Thus  it  appears  that  the  laminar  shear  layer  rolls  up  to  form  a 
periodic  row  of  discrete  vortex  rings  [Yule  1978]. 

These  vortex  rings,  in  general,  grow  three-dimensionally  as  they  move 
downstream,  by  entraining  ambient  fluid.  The  rolling  motion  engulfs  fluid  from  both 
streams  and  stretches  the  mixing  interface.  This  stretching  of  the  mixing  interfacial  area 
simultaneously  increases  the  local  concentration  gradients  and  increases  the  area  of 
interaction  between  the  two  fluids.  The  smallest  scale  mixing  is  on  the  molecular  level  at 
the  interface  between  the  two  fluids  and  is  thus  accelerated  with  the  increase  of  the  area 
of  contact  between  the  two  fluids.  Any  nonequality  of  spacing,  strength,  or  speed  of  two 
(or  more)  adjacent  vortices  induces  them  to  amalgamate  and  form  a  single,  larger  vortex; 
the  process  repeats  itself  in  the  downstream  direction.  The  vortices  may  become 
turbulent  during  the  first  coalescence  or  soon  thereafter,  but  they  retain  their  large-scale 
identities  downstream.  The  turbulent  large-scale  eddies  are  highly  three-dimensional  and 
less  organized  than  the  vortex  pairs  from  which  they  evolve  [Hussain  and  Zedan  1978]. 

Unlike  the  planar  mixing  layer,  the  growth  of  an  axisymmetric  mixing  layer 
causes  it  to  converge  radially  inward  on  itself  at  the  jet  centerline.  The  location  where 
the  mixing  layers  converge  at  the  center  of  the  jet  marks  the  end  of  the  jet  core  and  thus 
serves  to  establish  the  length  of  the  jet  core.  The  length  of  the  jet  core  changes  in  an 
unstable  manner  similar  to  the  vibration  of  a  column  and  thus  termed  "jet  column" 
instability.  The  jet  core  has  a  natural  frequency  at  which  it  can  be  acoustically  excited  to 
generate  organized  and  amplified  structures.  Lepicovsky  et  al.  [1987]  showed  this 
preferred  excitation  frequency  for  a  high  Reynolds  number  and  fully  expanded  Mach  1 .4 
free  air  jet  to  correspond  to  a  Strouhal  number  of  0.4.  In  addition  to  column  instability, 
which  affects  the  core  length,  PLIF  studies  of  turbulent  water  jets  have  shown  that 
structures  in  the  jet  flow  evolve  from  both  helical  and  axisymmetric  instability  modes 
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[Dimotakis  et  al.  1983,  Yoda  et  al.  1992];  the  flow  appears  to  switch  between  these  two 
modes. 

As  in  planar  shear  layers,  secondary  streamwise  vortices  have  been  observed  in 
axisymmetric  shear  layers.  Figure  2.7  shows  a  cross-sectional  view  and  accompanying 
images  of  a  very  low  Reynolds  number  jet  shows  structures  projecting  radially  from  the 
jet  core  [Liepmann  1991].  The  cross-sectional  views  in  Figure  2.7  were  taken  using  PLIF 
at  a  downstream  distance  (X)  from  the  nozzle  exit  equivalent  to  3.25  nozzle  exit 
diameters  (d).  These  streamwise  structures  result  from  azimuthal  instability.  They 
significantly  impact  the  instantaneous  entrainment  of  freestream  fluid  and  therefore  effect 
the  overall  mixing  process  of  the  jet.  In  high  Reynolds  number  flows,  a  similar  type  of 
streamwise  structure  may  be  generated  by  artificial  means  such  as  tabs  or  "teeth" 
mounted  at  the  exit  of  the  nozzle  (refer  to  Figures  2.2  and  2.3).  The  streamwise  vortices 
induced  by  tabs  will  be  discussed  in  detail  in  Section  2.4.2. 

The  strength  of  the  streamwise  vortices  depends  on  the  presence  and  nature  of  the 
disturbance(s)  in  the  jet  flow  along  with  the  magnitude  of  amplification  of  the 
disturbance  caused  by  instabilities  in  the  flow.  Subtle  perturbations  from  upstream  flow 
conditions  or  nonideal  nozzle  surfaces  may  cause  irregularities  in  the  jet  contour 
depending  on  the  operating  regime.  For  example,  Novopashin  and  Perepelkin  [1989] 
used  Rayleigh  scattering  cross-sectional  images  to  show  that  an  angular  rotation  of  a 
circular  sonic  nozzle  results  in  an  equivalent  rotation  of  the  indentation  pattern  around  the 
circumference  of  the  jet  operating  in  the  underexpanded  regime.  This  indicates  a  direct 
relation  between  the  nozzle  shape  and  the  streamwise  vortex  pattern  around  the  jet.  Upon 
inspection,  the  indentation  pattern  was  linked  to  fine  scratches  on  the  nozzle  internal 
surface,  thus  indicating  that  disturbances  were  amplified  by  a  Taylor-Gortler  type 
instability  mechanism. 
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King  et  al.  [1994]  also  showed  equivalent  rotation  between  the  nozzle  and 
streamwise  structures.  They  also  showed  that  polishing  the  nozzle  surface  to  remove  a 
discovered  flat  spot  removed  the  largest  disturbances,  but  some  fluctuations  were  still 
present.  Even  when  the  nozzle  is  machined  to  a  smooth  surface  finish,  there  is  still 
suffieient  irregularity,  however  minute,  in  flow  conditions  or  nozzle  surface  or  contour  to 
initiate  perturbations.  This  follows  the  suggestion  of  Bernal  and  Roshko  [1986]  and 
Lasheras  et  al.  [1986]  that  in  incompressible  plane  mixing  layers,  streamwise  structures 
are  initiated  by  a  disturbance  within  the  separating  boundary  layer.  Once  the  perturbation 
is  generated,  the  magnitude  of  its  effect  depends  upon  the  stability  or  instability  of  the 
flow.  The  generation  of  vortices  capable  of  increasing  mixing  by  disturbances  in  the 
nozzle  suggests  the  placement  of  intentional  vortex  generators  in  the  nozzle. 

Along  these  lines.  King  et  al.  [1994]  attached  triangular  pieces  of  tape  to  the 
inside  surface  of  a  circular  nozzle  to  explore  the  effects  of  a  substantial  disturbance 
located  at  the  inner  surface  of  the  nozzle.  Total  pressure  measurements  and  flow 
visualizations  showed  the  presence  of  streamwise  vortices  at  the  locations  in  a  fully 
expanded  jet  corresponding  to  the  locations  of  the  triangular  pieces  of  tape  in  the  nozzle. 
Instability  in  underexpanded  jets 

A  jet  static  pressure  which  is  higher  than  the  surroimding  flow  static  pressure 
results  in  instabilities  due  to  flow  curvature  of  the  jet.  As  an  underexpanded  jet  exits  a 
nozzle  it  initially  expands  and  undergoes  a  process  of  pressure  equalization  with  the 
surrounding  flow.  The  streamwise  curvature  of  the  jet  along  with  a  radial  velocity 
gradient  inherent  in  underexpanded  jets  causes  a  significant  instability  which  amplifies 
even  the  minute  disturbances  from  the  roughness  of  the  inner  nozzle  surface. 

Pitot  pressure  measurements  and  planar  flow  visualizations  by  Amette  et  al. 
[1993b]  and  Krothapalli  et  al.  [1991]  have  confirmed  earlier  observations  of  counter 
rotating  stationary  streamwise  vortices  by  Zapryagaev  and  Solotchin  [1988]  in  the  near 
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field  of  an  underexpanded  jet  and  by  Novopashin  and  Perepelkin  [1989]  in  a  highly 
underexpanded  jet  which  were  not  present  in  underexpanded  and  fully  expanded  jets. 
Amette  et  al.  [1993b]  used  total  pressure  measurements  and  flow  visualization  to  show 
the  azimuthal  variations  characteristic  of  streamwise  vortices  present  in  axisymmetric 
jets.  Figure  2.8  shows  streamwise  vortices  between  the  jet  flow  of  an  underexpanded  jet 
and  the  ambient  air.  The  strength  and  organization  of  these  structures  in  an 
underexpanded  supersonic  jet,  as  compared  to  a  fully  expanded  and  overexpanded  jet,  are 
believed  to  originate  from  the  instability  arising  from  streamline  curvature  and  a  radial 
velocity  gradient  which  are  characteristic  of  a  Taylor-Gortler  type  instability  [Amette  et 
al.  1993b]. 

Schlieren  images  [Zapryagaev  and  Solotchin  1988]  and  Mie  scattering  images 
[Amette  et  al.  1993b,  Novopashin  and  Perepelkin  1989,  Krothapalli  et  al.  1991,  King  et 
al.  1994]  have  shown  that  the  initially  spatially  stationary  streamwise  vortices  in 
underexpanded  jets  merge  and  become  less  organized  and  nonstationary  downstream. 
The  vortices  act  to  entrain  ambient  fluid  and  eject  jet  fluid  in  a  radially  inward  or  outward 
motion,  depending  on  the  rotation  sense  of  the  particular  vortex  pair.  For  the  streamwise 
vortices  to  arise,  both  an  instability  and  a  perturbation  must  be  present  in  the  flow  field. 
Compressible  axisymmetric  mixing  layers 

As  observed  in  planar  shear  layers,  the  spread  rate  of  axisymmetric  shear  layers 
formed  between  two  supersonic  coaxial  jets  decreases  with  an  increase  in  convective 
Mach  number.  In  a  study  by  Schadow  et  al.  [1989b],  the  convective  Mach  number  was 
varied  between  0.25  <  Mf-  <  '1.7.S  for  a  fully  expanded  Mach  3  jet,  centered  inside  an 
outer  jet  of  Mach  1.8.  The  spreading  rate  of  the  center  circular  jet  was  foxmd  to  decrease 
with  an  increasing  convective  Mach  number  until  it  reached  a  constant  value  of  20%  to 
30  ^  of  the  incompressible  spreading  rate  for  Mq  >  1.4.  This  study  was  extended  to 
rectangular  jets  by  Gutmark  et  al.  [1991].  Pressure  matched  axisymmetric  and  plane 
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shear  layers  exhibit  the  same  effect  of  a  20-30%  reduction  in  spread  rate  for  compressible 
shear  layers  as  compared  to  incompressible  shear  layers.  This  is  not  the  case  for 
underexpanded  jets  in  which  static  pressure  between  the  jet  and  ambient  flow  is  different. 

Summary 

Incompressible  shear  layers  in  low  Reynolds  numbers  (laminar)  jets  exhibit  well 
organized  vortex  ring  structures  characteristic  of  a  Kelvin-Helmholtz  instability.  In 
addition,  streamwise  vortex  structures  originate  between  the  large-scale  vortex  ring 
structures.  In  high  Reynolds  number  jets,  the  magnitude  of  the  streamwise  vortices 
depends  on  the  presence  and  nature  of  disturbances  in  the  flow  and  the  magnitude  of 
amplification  caused  by  instabilities  in  the  flow.  Overexpanded  and  fully  expanded  high 
Reynolds  number  jets  exhibit  streamwise  vortices  only  with  the  addition  of  a  substantial 
disturbance  such  as  vortex  generators  placed  on  the  inner  surface  of  the  nozzle.  On  the 
other  hand,  additional  instabilities  (believed  to  be  Taylor-Gortler  type  [Amette  et  al. 
1993b])  in  underexpanded  jets  amplify  the  minute  disturbances  caused  by  the  surface 
roughness  on  the  inside  of  the  jet  nozzle  to  produce  significant  streamwise  vortices.  As 
in  planar  shear  layer  studies,  the  spread  rate  of  axisymmetric  shear  layers  decreases  with 
increased  convective  Mach  number  due  to  compressibility  effects. 

2.4  Noncircular  nozzle  geometries 

Noncircular  nozzle  geometries  have  been  used  in  incompressible  and 
compressible  flow  research  to  promote  better  mixing  between  the  jet  and  freestream 
fluids.  Several  of  the  basic  nozzle  geometries  tested  include  circular,  triangular,  square, 
rectangular  and  elliptic.  The  oblong  shapes  of  the  ellipse  and  the  rectangle  create  an 
azimuthal  variation  of  initial  conditions  which  results  in  a  phenomenon  called  "axis¬ 
switching."  Axis-switching  has  been  shown  to  significantly  increase  mixing  in  both 
subsonic  [Ho  and  Gutmark  1987,  Gutmark  et  al.  1989,  Quinn  1989,  Shih  et  al.  1992]  and 
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supersonic  jets  [Schadow  and  Gutmark  1989].  Three-dimensional,  irregular  nozzle 
geometries  that  incorporate  "teeth"  [Wlezien  and  Kibens  1987,  Longmire  et  al.  1992]  and 
tabs  [Samimy  et  al.  1993,  Zaman  et  al.  1994]  at  the  nozzle  exit  have  been  shown  to  create 
streamwise  vortices  which  increase  mixing.  A  representative  illustration  of  a  nozzle  with 
teeth  is  shown  in  Figure  2.2  and  a  nozzle  with  delta  tabs  in  Figure  2.3. 

The  present  investigation  examines  helium  injection  from  circular,  elliptic,  and 
circular-with-tabs  nozzles,  located  at  the  base  of  an  extended  strut,  into  a  Mach  1.92 
freestream  air  flow.  The  circular  nozzle  was  chosen  as  the  baseline  geometry.  The 
elliptic  nozzle  was  chosen  to  explore  the  effects  related  to  an  oblong  geometry.  The 
circular-with-tabs  nozzle  was  chosen  to  examine  effects  of  vortex  generators  mounted  at 
the  exit  of  a  nozzle.  The  following  two  sections  summarize  earlier  research  involving 
elliptic  and  circular-Avith-tabs  nozzles. 

2.4.1  Elliptic  Nozzles 

The  evolution  of  a  jet  issuing  from  an  elliptic  shape  nozzle  is  significantly 
different  than  a  jet  issuing  from  a  circular  nozzle.  The  variation  in  azimuthal  curvature  of 
the  elliptic  vortical  structures  causes  axis-switching  and  a  three-dimensional 
entanglement  process  of  elliptic  vortex  pairs. 

A  nonumform  variation  in  momentum  thickness  along  the  jet  exit  perimeter 
influences  the  vorticity  in  the  roll-up  structures  and  the  subsequent  joining  of  coherent 
structures.  In  contrast  to  the  mechanisms  of  circular  jets,  where  pairing  occurs  nearly 
uniformly  aroimd  the  entire  perimeter  of  the  vortical  structures  [Reynolds  and  Bouchard 
1981],  pairing  in  elliptic  jets  occurs  only  on  the  major-axis  sides  of  the  vortical  structures, 
through  an  entanglement  process  [Husain  and  Hussain  1991].  The  schematic  in  Figure 
2.9  illustrates  this  entanglement  process  and  also  shows  how  the  large  separation  of 
interacting  vortices  in  the  minor  plane  of  elliptic  jets  hinders  pairing;  and  that  instead  of 
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pairing,  the  trailing  vortex  rushes  through  the  leading  vortex  and  subsequently  breaks 
down.  This  entanglement  process  causes  greater  stretching  of  interacting  vortices, 
resulting  in  greater  entropy  production  and  vorticity  diffusion  than  in  a  circular  jet.  The 
three-dimensional  motion  of  the  elliptical  vortices  produces  considerably  greater 
entrainment  and  mixing  in  elliptic  jets  than  is  found  in  circular  or  plane  jets. 

It  is  evident  from  Figure  2.9  that  the  jet  cross  section  contracts  in  the  direction  of 
major  axis  and  expands  along  the  minor  axis,  so  that  after  a  certain  distance  downstream 
the  two  axes  are  interchanged.  This  phenomenon  is  referred  to  as  axis-switching  and 
occurs  as  follows:  initially,  when  an  elliptic  vortex  ring  rolls  up,  the  plane  of  the  vortex 
ring  is  parallel  to  the  no2zle  exit  plane.  Because  of  their  higher  curvature,  the  major-axis 
sides  move  ahead  of  the  minor-axis  sides.  In  this  process  the  vortex  configuration  soon 
takes  on  the  shape  of  the  seam  of  a  tennis  ball  as  illustrated  in  Figure  2.9  [Hussain  and 
Husain  1989].  The  forward  inclination  of  the  major-axis  sides  acts  to  fold  the  initial 
minor-axis  sides.  As  a  result,  the  induced  velocity  on  the  minor-axis  sides,  now  directed 
outward  based  on  curvature  orientation,  increases,  and  the  minor-axis  sides  move 
outward.  Consequently,  the  vortex  again  takes  an  elliptic  shape;  but  now  the  major-axis 
of  the  vortex  is  in  the  plane  of  the  minor-axis.  The  jet  may  repeatedly  switch  axes 
downstream,  depending  on  the  rate  of  vorticity  diffusion.  As  the  major-axis  side  shrinks, 
it  brings  in  ambient  fluid  toward  the  jet  centerline  and,  simultaneously,  jet  core  fluid  is 
carried  outward  on  the  minor-axis  side.  The  elliptic  structures  thus  act  as  a  pumping 
device  to  entrain  ambient  fluid  and  eject  core  fluid. 

Momentiun  thickness  is  believed  to  be  the  primary  cause  of  axis-switching  seen  in 
noncircular  jets,  such  as  elliptic  [Hussain  and  Husain  1989],  rectangular  [Krothapalli  et 
al.  1981,  Shih  et  al.  1992],  and  triangular  jets  [Gutmark  et  al.  1985,  Koshigoe  et  al.  1989]. 
Koshigoe  et  al.  [1989]  compared  the  development  of  triangular  and  elliptic  jets  to 
demonstrate  the  influence  of  momentum  thickness  on  the  deformation  of  noncircular  jets 
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that  leads  to  axis-switching.  The  momentum  thickness  at  the  vertex  in  the  developing 
region  of  a  triangular  jet  core  is  typically  larger  than  that  at  the  flat  sides,  and  in  this 
situation,  all  of  the  calculated  instability  modes  are  concentrated  on  the  flat  sides.  This  is 
accompanied  by  the  generation  of  large-scale  coherent  structures  at  the  flat  sides  and 
turbulent,  predominantly  fine-scale  eddies  at  the  vertex.  Numerical  simulations  have 
shown  that  in  the  case  where  a  uniform  azimuthal  momentum  thickness  distribution 
evolves,  one  of  the  instability  modes  switches  to  the  vertex,  while  the  other  remains  at  the 
flat  side.  This  combination  acts  to  deform  the  initially  coherent  structures  of  the  jet  by 
bending  the  vertex  section  in  the  streamwise  direction  (similar  to  the  deformation  of  an 
elliptical  jet  described  by  Husain  and  Hussain  [1991]).  These  computational  results  were 
verified  experimentally  using  different  triangular  orifices  to  create  jets  with  equal  and 
unequal  momentum  thicknesses.  The  jet  that  evolved  to  have  equal  momentum  thickness 
at  the  vertices  and  flat  sides  switched  axes,  while  the  other  jet  retained  a  larger 
momentum  thickness  at  the  vertex  and  did  not  switch  axes. 

The  aspect  ratio  of  oblong  jets  was  discovered  to  influence  physical 
characteristics  of  the  jet  evolution.  Aspect  ratio  is  defined  as  the  ratio  of  the  semimajor 
axis  (a)  to  the  semi-minor  axis  (b)  dimension  (i.e.,  a/b).  By  using  elliptic  sharp-edged 
slot  nozzles,  Lee  and  Baek  [1993]  found  that  the  cross-over  point  and  minimum  jet  half 
width  were  linear  fimctions  of  nozzle  aspect  ratio.  Hussain  and  Husain  [1989]  found  that 
for  aspect  ratios  above  about  3.5,  the  jet  undergoes  one  axis-switch  and  then  bifurcates 
into  two  nearly  circular  vortices  by  a  cut-and-connect  interaction. 

Downstream,  the  centerline  mean  velocity  of  jets  issued  from  various  nozzle 
shapes  appear  to  be  a  function  of  the  equivalent  diameter.  Hussain  and  Husain  [1989] 
found  that  the  equivalent  diameter  is  the  appropriate  length  scale  to  collapse  the  velocity 
data  downstream  for  jets  of  various  geometries.  The  equivalent  diameter  is  defined 
as  the  diameter  of  a  circle  with  an  area  equal  to  that  of  an  ellipse  with  semimajor  and 
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1  u 

semi-minor  axes  a  and  b  respectively;  i.e.,  =  2(ab)^'  .  When  they  plotted  the 

centerline  mean  velocity  against  the  axial  downstream  distance,  nondimensionalized  by 
the  equivalent  diameter,  the  plotted  data  collapsed  to  form  a  single  line  beyond  about  15 
diameters  downstream  of  the  nozzle  exit.  This  region  downstream  of  the  collapse  is 
sometimes  referred  to  as  the  "self-similar"  region  and  its  initiation  is  dependent  on  initial 
conditions.  However,  since  the  jets  change  drastically  around  the  centerline,  off-axis 
measurement  must  also  be  considered  in  order  to  obtain  a  complete  picture  of  the  jet 
development. 

The  preceding  discussion  involved  results  and  conclusions  from  free  jet 
experiments.  Further  information  on  subsonic  jets  emanating  from  elliptic  nozzles  into 
ambient  air  can  be  found  in  a  series  of  in-depth  studies  of  elliptic  jets,  including  a 
comprehensive  survey  of  previous  research,  published  by  Hussain  and  Husain  [Hussain 
and  Husain  1989,  Husain  and  Hussain  1991  and  1993]. 

Studies  by  Schadow  et  al.  [1989a]  showed  that  the  superior  mixing  characteristics 
of  elliptic  jets  as  compared  to  circular  jets,  discovered  in  previous  works  on  subsonic  free 
jets,  prevails  with  sonic  injection  and  are  further  augmented  by  the  shock  structures  of  the 
supersonic  underexpanded  free  jet.  They  observed  that  the  major  and  minor  axes 
switched  at  a  distance  of  three  diameters  from  the  exit  of  the  elliptic,  aspect  ratio  3:1, 
nozzle  for  an.  underexpanded  M=  1.3  free  jet.  This  was  much  closer  to  the  nozzle  exit 
than  the  axis  switch  for  the  subsonic  M=0.15  condition  using  the  same  elliptic  nozzle. 
Furthermore,  the  spreading  rate  of  the  minor  axis  side  for  the  rmderexpanded  free  jet  was 
twice  that  of  the  subsonic  free  jet. 

Studies  of  supersonic  Mach  3  jet  issuing  from  a  3:1  aspect  ratio  rectangular 
nozzle  into  a  Mach  1.8  co-flowing  steam,  0.5  <  Mq  <  2.2  demonstrated  superior 
spreading  rate  relative  to  a  circular  jet,  but  no  axis-switch  [Gutmark  et  al.  1991].  As 
with  the  co-flowing  jets,  injection  from  the  base  of  a  strut  or  ramp  into  a  supersonic 
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freestream  adds  additional  forces  on  the  jet  which  alter  axis-switching.  Studies  of  Mach 
1.63  injection  from  a  slot  injector,  behind  the  base  of  a  ramp  injector,  into  a  Mach  2 
freestream  air  flow  showed  that  the  rectangular  jet,  switched  axes  at  a  distance  of  0.75 
ramp  heights  downstream  of  the  exit  of  the  injection  nozzle  [Haimovitch  et  al.  1994] 
when  oriented  in  either  the  horizontal  or  vertical  positions.  The  various  responses  of  the 
axis-switching  phenomenon  to  various  external  flow  conditions  warrants  further  research 
on  the  mechanisms  involved. 

2.4.2  Circular-with-tabs  nozzles 

A  vortex  generator  configuration  referred  to  as  a  delta  tab  (Figure  2.3),  has  been 
found  to  substantially  increase  jet  mixing  with  a  relatively  small  thrust  penalty  [Zaman 
1994b].  An  added  attraction  of  these  tabs  is  that  they  can  be  inserted  into  the  flow  when 
needed  and  withdrawn  when  not  desired.  A  series  of  free  jet  studies  has  shown  that  flow 
structures  generated  by  tabs  mounted  at  the  jet  exit  distort  the  downstream  jet  cross- 
section  and  increase  the  jet  spread  rate  [Samimy  et  al.  1993,  Reeder  1994,  Reeder  and 
Zaman  1994,  and  Zaman  et  al.  1994].  These  studies  have  shown  that  tabs  mounted  at  the 
exit  of  a  nozzle  of  subsonic  and  supersonic  free  jets  generate  a  pair  of  counter-rotating 
vortices  which  engulf  ambient  fluid.  The  generation  of  the  vortices  has  been  attributed  to 
a  pressure  "hill"  upstream  of  the  tab  and  a  lower  pressure  downstream  of  the  tab.  The 
strength  of  the  pressure  gradient  was  seen  to  increase  with  an  increasing  jet-to-freestream 
pressure  ratio  [Zaman  et  al.  1994]. 

Varying  the  tab  shape,  size,  orientation,  and  location  with  respect  to  the  nozzle 
exit  and  changing  the  number  of  tabs  produces  marked  effects  on  the  jet.  Studies  by 
Samimy  et  al.  [1993]  in  a  Mach  1.63  free  air  jet  showed  that  it  is  necessary  for  the  tab  to 
protrude  beyond  the  boundary-layer  thickness  in  order  to  produce  a  significant  distortion 
of  the  jet.  However,  variation  of  the  length  beyond  the  boundary-layer  thickness,  for  a 
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given  width,  did  not  seem  to  have  a  noticeable  effect.  It  was  also  found  that  with 
approximately  the  same  flow  blockage,  the  distortion  was  greater  when  the  tab  width  was 
larger. 

An  experiment  by  Reeder  and  Zaman  [1994]  using  simple  peg  shaped  tabs 
showed  that  the  location  of  the  tabs  relative  to  the  nozzle  exit  in  the  streamwise  direction 
dictates  the  sense  of  rotation  of  the  vortices  at  the  exit  of  the  nozzle  that  propagate 
downstream.  The  distortion  of  a  Mach  1.63  free  air  jet  resulting  from  a  cylindrical  peg 
shaped  tab  mounted  inside  the  nozzle  exit,  at  the  nozzle  exit,  and  at  the  nozzle  exit  with  a 
gap  are  shown  in  Figure  2.10  .  Placing  the  cylindrical  tabs  inside  the  jet  just  upstream  of 
the  nozzle  exit  causes  a  noticeable  ejection  of  core  fluid,  whereas  ambient  fluid  is 
ingested  into  the  core  when  cylindrical  tabs  are  placed  at  the  nozzle  exit.  Fiirthermore, 
the  influence  of  the  tabs  virtually  vanishes  when  there  is  a  gap  between  the  nozzle  exit 
and  the  tabs. 

Although  modifying  the  shape  of  the  tip  of  a  rectangular  tab  had  an  insignificant 
effect  on  the  flow  distortion,  the  overall  shape  of  the  tab  does  influence  the  strength  of 
the  vortices  [Samimy  et  al.  1993].  Triangular  "delta"  tabs  oriented  with  their  apex 
extending  into  the  jet  flow  downstream  of  the  nozzle  exit  plane  (pointed  downstream),  as 
shown  in  Figure  2.3,  caused  the  strongest  vortices  of  the  tab  configurations  tested  in  the 
series  of  studies  by  Samimy,  Reeder,  and  Zaman  [Zaman  et  al.  1994].  Mounting  the 
delta  tabs  with  their  apex  pointed  upstream  of  the  nozzle  exit  plane  causes  another  vortex 
pair  with  an  opposite  sense  of  rotation  at  the  tip  of  each  tab. 

The  number  of  tabs  around  the  nozzle  exit  circumference  dictates  the  resulting  jet 
shape  and  mixing  characteristics.  Figure  2.11  shows  the  cross  section  of  a  Mach  1.63 
free  air  jet  with  no  tab  and  with  from  one  to  six  tabs.  Four  delta  tabs  appear  to  cause  the 
greatest  mixing,  perhaps  because  of  an  increase  in  the  area  of  the  mixing  layer  exposed 
to  the  ambient  air,  or  because  increased  vortices  and  vortex  breakdown  result  in  increased 
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entrainment  and  jet  spread.  One  notable  effect  of  the  presence  of  two  tabs  mounted  at  the 
nozzle  exit  of  Mach  1.63  jet  is  that  flow  visualizations  indicate  the  jet  bifurcated  and  the 
jet  distortion  persisted  further  downstream  than  in  the  four  tab  configuration  [Samimy  et 
al.  1993]. 

To  capture  details  of  the  dynamic  involved  in  vortex  generation  about  a  tab, 
Reeder  [1994]  performed  extensive  subsonic  water  tunnel  experiments.  Detailed  results 
for  a  nozzle  with  two  delta  tabs  (oriented  as  in  Figure  2.3)  showed  that  besides  the 
primary  flow  out  of  the  nozzle  in  the  streamwise  direction,  the  tabs  produce  a  nearly 
symmetric  secondary  flow  away  from  the  tabs  (i.e.,  perpendicular  to  a  line  connecting  the 
two  tabs).  Figures  2.12  and  2.13  show  the  streamwise  and  lateral  components  of  velocity 
resulting  from  the  subsonic  water  jet  study.  It  is  significant  to  note  that  the  maximum 
lateral  velocity  of  0.020  m/s  is  nearly  13%  of  the  streamwise  velocity  in  the  jet  core  of 
0.16  m/s.  Figure  2.14  shows  the  third  component  of  velocity  along  the  spanwise 
direction.  Considering  these  three  components  of  velocity  it  can  be  seen  that  the 
configuration  with  two  delta  tabs  pumps  jet  fluid  away  from  the  axis  of  the  tabs  and 
pumps  fireestream  fluid  into  the  jet  core  along  the  tab  axis,  as  is  graphically  illustrated  in 
the  schematic  in  Figure  2.15.  In  addition  to  the  stronger  vortices  which  cause  the 
bifurcation  of  the  water  jet,  the  tabs  generated  two  additional,  weaker  vortices  just 
outside  the  stronger  ones.  The  rotation  and  location  of  these  secondary  vortices  are 
consistent  with  those  of  the  legs  of  the  "horseshoe"  vortex  which  forms  on  a  boimdary 
layer  with  a  protuberance  as  illustrated  in  Figure  2.16  [Reeder  1994].  Although  these 
experiments  were  performed  in  a  subsonic  water  tunnel,  the  results  for  tabs  mounted  at 
the  nozzle  exit  were  remarkably  similar  to  those  in  supersonic  free  air  jets.  Furthermore, 
these  water  channel  experiments  offer  a  better  forum  for  obtaining  detailed  data  as 
compared  to  supersonic  flow  experiments. 
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Aside  from  the  increased  mixing  achieved  with  tabs,  another  positive 
consequence  of  the  use  of  tabs  in  supersonic  jets  is  the  reduction  in  screech  noise  that 
adds  to  the  overall  noise  level  of  supersonic  aircraft  in  flight  today.  The  coupling  of  the 
shear  layer  instabilities  and  acoustic  field  adjacent  to  a  supersonic  jet  create  a  screech 
tone  which  has  been  observed  to  closely  match  that  of  the  most  amplified  instability  wave 
of  the  jet  [Tang  and  Ko  1993].  Tabs  located  at  the  exit  of  a  supersonic  jet  drastically  alter 
the  near  field  shock  structure  and  eliminate  this  screech  noise. 

2.5  Base  flow 

Since  injection  from  a  strut  into  a  flow  over  the  strut  involves  a  more  complex 
flow  field  than  injection  from  a  free  single  or  coaxial  jet,  it  is  important  to  understand  the 
flow  patterns  around  the  strut  itself  without  injection.  Figure  2.17  shows  a  schematic  of 
supersonic  streams  flowing  over  a  thick  base.  The  primary  flow  components  are:  the 
initial  two  shear  layers  originating  at  the  b£ise  of  the  strut,  the  recirculation  zone,  the 
expansion  waves,  and  the  recompression  shocks. 

Amatucci  et  al.  [1992]  characterized  the  flow  in  a  thick  plate  wake  through 
experimental  studies  of  a  two-stream,  supersonic  wake  flow  behind  a  2.54  cm  thick  base 
plate.  The  flow  was  Mach  2.05  on  one  side  of  the  plate  and  Mach  2.56  on  the  other  side. 
Using  schlieren  photography,  pressure  measurements  and  one-  and  two-component  LDV, 
they  found  the  near-wake  interaction  flow  field  to  be  characterized  by  steep  velocity 
gradients,  high  turbulence  intensities,  and  viscous  mixing  in  the  presence  of  an  adverse 
pressure  gradient.  The  separated  flow  showed  vigorous  recirculation  with  a  maximum 
reverse  flow  velocity  equaling  23%  of  the  Mach  2.05  freestream  velocity  and  strong 
turbulent  interactions  with  the  edge  of  the  shear  layer  bordering  the  recirculation  zone. 
This  is  consistent  with  earlier  results  of  Samimy  and  Addy  [1986].  The  vector 
representation  of  the  velocity  data  of  Amatucci  et  al.  [1992]  showed  two  large,  counter- 
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rotating,  separation  bubbles.  The  two  shear  layers  merged  in  the  reattachment  region  at  a 
distance  of  about  1.37  base  heights  downstream.  Both  streamwise  and  transverse 
turbulence  intensities  increase  gradually  from  relatively  low  initial  values  in  the  boundary 
layer  to  maximum  levels  in  the  vicinity  of  reattachment  and  then  decrease  downstream. 
The  turbulent  mixing  which  occurs  during  recompression  quickly  reduces  the  mean 
velocity  deficit.  This  is  consistent  with  the  results  of  Samimy  and  Addy  [1986]. 

Dutton  et  al.  [1995]  collected  detailed  Mie  images  of  a  base  flow  around  a  2.5  cm 
thick  strut.  The  flow  above  the  strut  was  Mach  2.5  and  the  flow  below  the  strut  was 
Mach  2.56.  The  images  show  the  behavior  and  evolution  of  the  large-scale  turbulent 
structures  inherent  to  supersonic  base  flows.  Large-scale  structures  remain  fairly 
consistent  in  size  and  shape  during  recompression,  but  appear  to  bloom  immediately  after 
the  reattachment.  Large  sweeping  motions  into  the  wake  were  evident.  Absence  of 
condensed  water  downstream  of  reattachment  point  clearly  indicates  that  the  base  fluid  is 
being  pumped  into  the  wake  flow.  Observed  dominant  organized  motions  with  smaller- 
scale  structures  residing  on  the  larger-  scale  structures. 

An  early  two-dimensional  computational  analysis  of  a  2.54  cm  thick  strut 
configuration  with  Mach  2.54  air  streams  on  both  sides  was  performed  by  Sullins  et  al. 
[1982].  This  was  the  first  detailed  numerical  calculation  of  a  compressible,  viscous  base 
flow  in  such  a  configuration  with  and  without  gas  injection.  It  clearly  showed  the 
recirculation  flow  behind  the  base  of  the  strut,  the  expansion  fan  over  the  edge  of  the 
strut,  and  the  recompression  shock  wave.  The  study  suggested  that  the  recirculation  zone 
ended  where  the  two  shear  layers  merged,  at  approximately  1.5  base  thicknesses 
downstream. 

In  addition  to  computations  of  flow  around  the  strut,  Sullins  performed  a  two- 
dimensional  computational  analysis  of  air  injection  at  sonic  velocity  from  a  slot  injector 
1 0  times  the  static  pressure  of  the  freestream  air  flow.  The  expansion  and  shock  wave 
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patterns  were  weakened  considerably  by  the  presence  of  a  jet  plume.  The  two  mixing 
layers  originating  at  the  base  of  the  strut  were  clearly  displaced  by  the  presence  of  the  jet 
as  compared  to  the  flow  without  injection.  The  results  show  that  the  plume  acts  as  an 
"effective  body"  that  masks  the  base  from  the  main  flow. 

A  recent  three-dimensional  computational  simulation  performed  by  Chen  et  al. 
[1995]  portrays  a  three-dimensional  flow  field  created  by  injection  from  the  base  of  a 
strut  using  a  circular  nozzle.  These  computations  involved  an  intricate  three-dimensional 
grid  as  compared  to  the  two-dimensional  grid  used  by  Sullins.  Figure  2.18  shows  the 
Mach  number  profiles  computed  for  an  underexpanded  circular  jet  with  static  pressure 
ratio  of  4.  This  plot  shows  the  rapid  expansion  of  the  jet  exiting  the  nozzle  to  reach 
supersonic  velocities. 

Contribution  of  the  present  study 

Free  jet  studies  have  shown  the  effect  of  nozzle  geometry  on  jet  development, 
shape,  and  mixing  enhancement.  However,  the  effect  of  nozzle  geometry  on  parallel 
injection  into  a  supersonic  freestream  with  practical  aspects  of  a  recirculation  zone  has 
seen  limited  consideration.  To  date,  there  has  been  to  date  only  one  study  of  the  effects 
of  nozzle  geometry  on  injection  into  a  base  flow.  This  study  by  Haimovitch  et  al.  [1994] 
examined  a  swept  ramp  injector  with  a  circular,  stepped  circular,  elliptic,  trapezoidal  slot, 
circular,  and  circular  with  four  tabs  nozzle.  Ethanol  vapor  was  used  for  planar  Mie 
scattering  flow  visualization.  The  jet  appeared  to  be  dominated  by  the  strong  vortical 
flow  field  generated  by  the  swept  ramp. 

The  extended  strut  used  in  the  present  experiment  replaces  the  three-dimensional 
expansion  around  the  base  of  the  swept  ramp  with  a  simpler  symmetric,  two-dimensional 
expansion  around  the  base  of  a  strut.  In  addition,  the  extended  strut  avoids  the  leading 
edge  or  ramp  induced  shock  waves  incurred  in  bluff  body  struts  and  ramp  injectors. 
Thus,  the  present  experimental  program  was  designed  as  a  more  generic  study  of  parallel 
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injection  into  a  supersonic  base  flow.  This  will  isolate  the  effects  of  nozzle  geometry 
from  asymmetric  effects  and  shock  induced  mixing  incurred  during  injection  from  a 
ramp.  Furthermore,  the  symmetry  of  the  strut  configuration  allows  the  strut  to  be  divided 
into  our  equal  quadrants  about  the  center  of  the  jet,  thus  greatly  simplifying 
computational  studies. 
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Figure  2.1.  Illustration  of:  a)  normal,  b)  oblique,  and  c)  parallel  injection  of  an  underexpanded  jet  into  a 
supersonic  primary  flow. 


Figure  2.4.  Simplified  schematic  of  large  spanwise  (Kelvin-Helmholtz  type) 
"roll-up"  structures  in  an  incompressible  planar  shear  layer. 


Figure  2.5.  Laser-induced  fluorescence  (Y,  Z)  cross-section  through  the  braid  region  of 
an  incompressible  planar  mixing  layer.  The  entire  channel  span  of  1 1  cm  is  shown 
(from  Bernal  and  Roshko  [1986]). 
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Figure  2.6.  Schematic  of  the  physical  structure  of  a  transitional  incompressible 
axisymmetric  jet  (from  Yule  [1978]). 


Figure  2.7.  Cross-sectional  view  (Y,  Z)  at  X/d=3.25  of  a  low  Reynolds  number 
(Re=5500)  circular  free  jet  showing:  a)  the  braid  region  and  b)  the  primary  vortical 
ring  surrounded  by  streamwise  vortex  pairs  as  they  pass  through  the  image  plane 
(from  Liepmann  [1991]).  04 


Figure  2.8.  Filtered  Rayleigh/Mie  scattering  image  at  X/d=2.0 
of  an  underexpanded  free  jet  (from  Amette  et  al.  [1992]). 


Figure  2.9.  Dlustration  of  axis-switching  and  vortex  evolution  process  for  an 
incompressible  low  Reynolds  number  jet  emanating  from  an  elliptic  nozzle 
(from  Husain  and  Hussain  [1991]). 
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Figure  2.10.  The  effect  of  tab  location  for  a  Mach  1.63  air  free  jet  is  shown  by  flow 
visualization  (left)  and  pressure  contours  (right)  for:  a)  no  tab,  and  b)  tab  at  X/q=-1.5, 
c)  tab  at  X/q=0.5,  and  d)  tab  at  X/q=1.5.  Data  for  X/d=2,  where  q  is  the  cylindrical  tab 
diameter  (from  Reeder  et  al.  [Copyright  ©  1994  AIAA  -  reprinted  with  permission]). 
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Figure  2.11.  Laser  sheet  illuminated  cross  section  of  a  Mach  1.63  air  free 
for  the  indicated  number  of  tabs  (from  Zaman  et  al.  [1994]). 
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Figure  2.14.  Transverse  (V)  velocity  contours  (in  m/s)  at  X/d=0.5  for  the 
incompressible  jet  (Re=1950)  with  two  delta  tabs  positioned  on  the  Y-axis  (at  Z/d=0) 
(from  Reeder  [1994]).  oq 


Figure  2. 15.  Illustration  of  primary  and  secondary  flow  patterns  of  fluid  emanating 
from  a  circular  nozzle  with  two  delta  tabs  oriented  at  135  °  to  the  nozzle  wall. 


Figure  2.16.  Illustration  of  primary  counter  rotation  vortices  and  secondary  horseshoe 
vortices  for  flow  around  a  delta  tab  oriented  at  a  135  °  angle  to  the  nozzle  wall. 


Recompression 


17.  Schematic  of  two-dimensional  base  flow  with  equal  supersonic  primary  flows  on  both  sides  of  the  strut. 


0>^  05*' 
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Figure  2.18.  Three-dimensional  simulated  Mach  contours  for  an  underexpanded 
(Y=4)  sonic  circular  helium  jet  (from  Chen  et  al.  [Copyright  ©  1995  AIAA  - 
Reprinted  with  permission]). 
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CHAPTERS 


FACILITY  AND  EXPERIMENTAL  APPARATUS 

The  present  research  was  conducted  in  the  supersonic  combustion  research  facility  at  the 
Aero  Propulsion  and  Power  Directorate,  Wright-Patterson  Air  Force  Base,  Dayton,  Ohio. 
Various  turbine  and  reciprocating  compressors  are  available  to  produce  a  continuous  flow 
of  approximately  15.5  kg/s  of  clean,  compressed  air  at  a  maximum  supply  pressure  of  5 
MPa  to  the  wind  tunnel.  Half  of  this  air  can  be  heated  to  a  maximum  stagnation 
temperature  of  920  K  using  a  gas-fired  heat  exchanger.  Two  supply  lines,  one  suited  for 
high  temperatures  and  one  for  ambient  temperatures,  transport  the  air  to  the  wind  tunnel 
supply  manifold  in  the  test  cell.  The  test  section  temperature  and  pressure  conditions  are 
adjusted  by  mixing  air  from  the  hot  and  cold  supply  lines  in  controlled  quantities. 

The  five  major  components  that  comprise  the  supersonic  tunnel  are  the  inlet  section, 
the  settling  chamber,  the  nozzle  section,  the  test  section,  and  the  diffuser  (Figure  3.1). 
The  inlet  section  transports  air  from  the  supply  manifold  to  the  settling  chamber.  A  seed 
injection  port  on  the  inlet  section  provides  a  convenient  means  for  the  addition  of  seed 
media  for  laser  sheet  lighting  diagnostics,  such  as  Mie  scattering,  and  other  laser  based 
measurement  systems,  such  as  Laser  Doppler  Velocimetry  (LDV).  Since  injection  of 
seed  media  from  this  port  occurs  upstream  of  the  settling  chamber,  the  entire  primary 
flow  is  seeded  uniformly.  Finally,  the  expansion  section  of  the  inlet  houses  a  rearward¬ 
facing  perforated  cone  to  provide  a  means  of  distributing  the  flow  as  it  enters  the  settling 
chamber. 
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The  settling  chamber  conditions  the  air  using  an  array  of  three  mesh  screens,  one 
coarse  (30  x  30  x  0.05  cm)  and  two  fine  (51  x  51  x  0.03  cm),  and  a  section  of  honeycomb 
(0.64  cm  cell  size)  to  break  up  large-scale  turbulence  and  straighten  the  flow  before 
acceleration  by  the  supersonic  nozzle.  This  chamber  withstands  pressures  up  to  2.75 
MPa  at  temperatures  of  920  K.  Pressure  and  temperature  sensors  installed  in  the  chamber 
provide  stagnation  temperature  and  pressure  measurements  to  the  control  system  for 
regulation  and  documentation  of  the  flow  conditions.  The  entire  chamber  is  moimted  on 
a  support  stand  (fixed  at  the  downstream  end,  rolling  at  the  upstream  end)  which  supports 
the  weight  of  the  chamber  and  the  force  experienced  due  to  the  subatmospheric  pressure 
of  the  exhaust  system. 

The  nozzle  section  is  composed  of  two  identical  planar  two-dimensional  nozzles; 
one  on  either  side  of  the  strut.  The  nozzles  were  designed  using  a  method  of 
characteristics  code  developed  by  Carroll,  et  al.  [1986]  to  produce  the  desired  expansion 
to  a  nominal  Mach  number  of  2.0  on  either  side  of  the  strut  at  the  entrance  to  the  test 
section. 

The  constant  area  test  section,  15.2  cm- wide  by  13.1  cm-high,  is  depicted  in  Figure 
3.2.  A  pair  of  fused  silica  windows  mounted  in  the  side  walls  and  a  single  fused  silica 
window  mounted  in  the  top  wall  provide  the  desired  optical  access.  The  side  windows 
allow  direct  viewing  of  the  entire  transverse  dimension  of  the  test  section  and 
approximately  44  cm  in  the  streamwise  dimension.  The  top  window  provides  the  same 
access  length  in  the  streamwise  dimension  with  approximately  7  cm  along  the  spanwise 
dimension.  Because  each  window  can  be  moxmted  in  two  locations,  one  upstream  and 
one  downstream,  a  total  viewing  length  of  79  cm  is  obtainable  in  the  streamwise 
dimension.  A  fourth  fused  silica  window,  mounted  in  the  diffuser  section  of  the  facility, 
provides  direct  optical  access  to  the  plane  perpendicular  to  the  flow  direction  and  allows 
for  visualization  the  entire  span  of  the  tuimel  (see  Figure  3.1). 
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For  the  present  experimental  program,  A  1 .27-cm-thick  strut  (held  in  place  by 
grooves  in  the  tunnel  side  walls)  provided  rigid  support  for  the  nozzles  and  had  the  added 
benefit  of  producing  a  recirculation  zone  for  flame  holding  in  combustion  applications. 
The  strut  is  held  in  the  tunnel  by  grooves  in  the  turmel  side  walls.  The  94  em  long  strut 
extended  7  cm  into  the  settling  chamber  and  downstream  a  distance  of  approximately  7 
cm  into  the  test  section.  This  strut  is  similar  to  a  typical  splitter  plate  used  in  shear  layer 
studies  [Bogdanoff  1983,  Papamoschou  and  Roshko  1988,  Elliott  and  Samimy  1990], 
with  the  following  exceptions:  the  flow  velocity  is  identical  on  both  sides  of  the  strut  and 
the  base  of  the  strut  is  blunt  rather  than  tapered  to  a  knife  edge.  By  extending  the  strut 
upstream  through  the  nozzle  into  the  settling  chamber,  as  shown  in  Figure  3.2,  and  using 
the  method  of  characteristics  to  design  the  nominal  Mach  2  nozzles,  the  presence  of 
strong  waves  in  the  freestream  was  avoided.  Laser  Doppler  velocimetry  profiles  show 
very  symmetric  and  uniform  flow  on  each  side  of  the  strut.  The  mean  velocity  and 
turbulence  profiles  in  the  freestream  show  a  repeatable  Mach  1 .92  flow  with  turbulence 
intensities  less  than  1%. 

The  injection  nozzles  were  rigidly  mounted  in  the  base  of  the  strut  at  the  center-line 
of  the  wind  tunnel  and  held  in  place  with  a  retaining  plate.  The  modular  design  of  the 
interchangeable  nozzles  and  retaining  plate  allows  quick  changeover  of  the  different 
nozzles  and  nozzle  orientations.  A  straight  flow  section  of  over  24  nozzle  equivalent  exit 
diameters  preceded  the  nozzles  to  insure  uniform  flow  at  the  nozzle  exit.  Figure  3.3 
shows  the  retaining  plate,  the  circular  nozzle,  and  the  connected  extension  tube.  On  each 
side  of  the  nozzle  are  counter  sunk  bolt  holes  for  mounting  the  base  plate  and  nozzle 
assembly  securely  to  the  strut. 

A  special  piping  system  was  constructed  to  supply  the  injectors  with  helium  gas.  A 
series  of  high  pressure  regulators  controlled  the  flow  of  helium  to  the  test  section.  Tube 
trailers  containing  large  volumes  of  high  pressure  (14  MPa)  helium  were  available 
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outside  the  test  cell.  The  helium  entered  the  test  section  through  a  port  in  the  side  wall  of 
the  tunnel,  after  which  it  was  fed  into  a  channel  in  the  strut  leading  to  the  nozzle  port.  A 
photograph  of  the  nozzle  and  test  section  with  the  side  wall  removed  is  shown  in  Figure 
3.4. 

The  final  component  of  the  downstream  supersonic  research  facility  is  the  diffuser. 
This  device  connects  the  exit  of  the  test  section  to  the  exhaust  line  of  the  facility.  The 
simple-dump  diffuser  was  designed  to  slow  and  cool  the  incoming  airflow  to  the 
velocities  and  temperatures  required  by  the  air  coolers  of  the  air  supply  facility.  Further 
details  of  the  supersonic  combustion  facility  are  available  in  other  publications  [Gruber 
andNejad  1994]. 

Injection  from  circular,  circular-with-tabs,  and  elliptic  nozzles  was  investigated  in 
this  study.  Photographs  of  the  nozzle  tips  are  shown  in  Figure  3.5.  The  circular  nozzle 
was  chosen  as  the  reference  nozzle  for  comparison.  The  elliptic  nozzle  was  chosen  as  a 
sample  of  a  simple  asymmetric  nozzle  geometry  known  to  increase  mixing  [Hussain  and 
Husain  1989].  The  elliptic  shape  was  chosen  over  other  simple  geometries,  such  as 
triangular  or  rectangular,  because  the  elliptic  geometry  is  rounded;  comers  at  the  nozzle 
exit  induce  vortices  and  produce  a  more  complex  flow  [Gutmark  et  al.  1985,  Schadow  et 
al.  1988].  In  addition,  the  elliptic  jet  represents  oblong  nozzles,  which  undergo  distinct 
axis-switching,  a  mechamsm  shown  to  be  a  key  factor  in  increased  mixing  as  compared 
to  circular  jets  [Hussain  and  Husain  1989].  The  circular-with-tabs  nozzle  was  chosen 
because  of  its  recognized  mixing  enhancement  capability  [Zaman  et  al.  1994,  Samimy  et 
al.  1993,  Reeder  1994].  In  addition,  similar  nozzle  geometries  (a  vertical  slot  injector  and 
a  nozzle  with  vortex  generators)  were  considered  to  be  the  most  promising  candidates  for 
future  research  in  studies  of  injection  through  different  nozzle  geometries  from  the  base 
of  a  swept  ramp  injector  [Haimovitch  et  al.  1994]. 
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The  diameter  of  the  circular  and  circular-with-tabs  nozzles  was  3.5  mm.  The 
circular-with-tabs  nozzle  includes  two  tabs  located  on  opposite  sides  of  the  nozzle  exit 
circumference.  Details  of  the  tab  geometry  are  shown  in  Figure  3.6.  The  tab  width  was 
0.86  mm,  22%  of  the  nozzle  exit  diameter.  The  tabs  extended  into  the  flow  a  projected 
length  of  0.38  mm,  1 1%  of  the  nozzle  exit  diameter.  Ideally,  the  tabs  would  be  infinitely 
thin  in  order  to  maximize  the  vortex-inducing  pressure  gradient  across  them.  A  delta  tab 
is  the  optimal  shape  [Zaman  et  al.  1994].  However,  machining  and  strength  limitations 
require  thicker  tabs,  with  a  square  shape.  The  tabs  were  angled  downstream  into  the  jet 
flow  (i.e.,  with  an  angle  of  135*^  from  the  nozzle  wall).  This  tab  configuration  has  been 
shown  to  have  the  greatest  mixing  effect  [Reeder  and  Zaman  1994]. 

The  elliptic  nozzle  had  a  semimajor  diameter  of  6.15  mm  and  a  semi-minor 
diameter  2.05  mm,  resulting  in  an  equivalent  diameter  of  3.5  mm  and  an  aspect  ratio  of 
3:1.  The  3:1  aspect  ratio  was  chosen  as  a  substantial  intermediate  value  as  compared  to 
previous  research  by  other  groups  [Ho  and  Gutmark  1987,  Hussain  and  Husain  1989, 
Quinn  1989,  Lee  and  Baek  1993]. 

All  three  nozzles  were  machined  by  Electric  Discharge  Machining,  or  EDM,  to 
converge  to  a  minimum  cross-sectional  area  of  9.9  mm  at  the  nozzle  exit.  A  cubic  curve 
fit  was  used  to  generate  the  internal  contour  of  the  circular  and  circular-with-tabs  nozzles. 
The  prohibitive  cost  of  fabricating  a  cubic  curve  fit  for  the  inside  contour  of  the  elliptic 
nozzle  dictated  that  instead,  wire  EDM  be  used  to  generate  a  constant  taper  for  the  inside 
contour.  A  small  straight  length,  0.8  mm,  at  the  exit  of  the  all  three  nozzles  helps  to 
assure  that  the  flow  exits  the  nozzle  parallel  to  the  nozzle  axis.  Table  3.1  lists  the 
dimensions  of  the  injector  nozzles  used  in  the  present  study. 

The  elliptic  aind  circular-with-tabs  nozzles  were  rotated  to  test  different  orientations 
with  respect  to  the  base  of  the  extended  strut  (see  Figure  3.2  for  the  reference  coordinate 
system).  The  nozzles  with  the  orientations  shown  in  Figure  3.7  will  be  hereafter  referred 
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to  by  the  following  symbols:  C  for  circular  nozzle,  T1  for  circular- with-tabs  nozzle 
oriented  with  the  tabs  along  the  transverse  (Y)  axis,  T2  for  circular-with-tabs  nozzle 
oriented  with  the  tabs  rotated  counterclockwise  to  a  negative  45*^  angle  with  respect  to  the 
transverse  (Y)  axis,  T3  for  the  circular-with-tabs  nozzle  oriented  with  the  tabs  along  the 
spanwise  (Z)  axis,  El  for  the  elliptic  nozzle  oriented  with  its  major  axis  along  the 
transverse  (Y)  axis,  E2  for  the  elliptic  nozzle  oriented  with  the  major  axis  rotated 
counterclockwise  to  a  negative  45'"  angle  with  respect  to  the  transverse  (Y)  axis,  and  E3 
for  the  elliptic  nozzle  oriented  with  its  major  axis  along  the  spanwise  (Z)  axis.  N 
represents  the  baseline  flow  without  injection.  Nozzle  icons  representing  the  different 
nozzle  orientations  and  no  injection  case  are  placed  alongside  the  flow  visualization 
images  for  clarity. 

Helium,  was  used  as  the  injectant  to  simulate  hydrogen  fuel.  The  helium  mass  flow 
rate  was  varied  so  that  the  ratio  of  the  static  pressure  of  the  helium  jet  at  the  nozzle  exit  to 
the  static  pressure  of  the  freestream  air  was  approximately  T'  =  Pnozzle  /  -Pfreestream  = 
1,  2,  and  4.  Injectant  velocity  at  the  exit  of  the  converging  nozzles  was  sonic  in  all  cases. 
A  pressure  transducer  mounted  in  the  helium  piping  just  outside  the  tunnel  wall  recorded 
the  instantaneous  stagnation  pressure.  The  stagnation  temperature  was  equal  ambient 
temperature.  The  static  pressure  of  the  helium  jet  at  the  exit  of  the  nozzle  was  calculated 
from  the  stagnation  pressure  and  temperature,  assuming  isentropic  flow  between  the 
helium  pressure  transducer  and  the  nozzle  exit.  Likewise,  the  static  pressure  of  the 
freestream  air  was  computed  from  stagnation  pressure  and  temperature  measured  in  the 
settling  chamber  of  the  tunnel.  The  resulting  operating  conditions  are  listed  in  Table  3.2 
and  the  associated  calculations  are  contained  in  Appendices  A  and  B. 

The  'P  =  4  static  pressure  ratio  was  chosen  to  obtain  a  highly  underexpanded  jet. 
The  'P  =  4  case  was  the  focus  of  this  study  because  they  most  accurately  mimic  the  most 
likely  operational  fuel  injection  conditions  in  scramjet  propulsion  systems. 
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The  following  chapter  describes  the  various  diagnostic  tools  and  experimental 
methods  that  were  used  in  the  present  experimental  study  of  parallel  injection  from  an 
extended  strut  in  a  supersonic  ffeestream  flow. 
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Table  1.  Nozzle  Dimensions. 


Circular  nozzle 

exit  diameter  <4  =  3.55  mm 

exit  area  =  9.9  mm^ 

Circular- with-tabs  nozzle 
exit  diameter  <4  =  3.55  mm 
exit  area  =  9.9  mm^ 
tab  width  =  0.86  mm 

tab  length  projected  into  jet  flow  =  0.38  mm 
area  of  tab  projected  into  jet  flow  =  0.33  mm^ 
ratio  of  projected  tab  area  to  nozzle  exit  area  =  3% 

Elliptic  nozzle 

equivalent  diameter  de  =  3.55  mm 
exit  major  diameter  =  6.15  mm 
exit  minor  diameter  =  2.05  mm 
exit  area  =  9.9  mm^ 


Table  2.  Operating  conditions  for  helium  injection  into  Mach  1.92  air  freestream. 

To  I  M  IPco  I  Toe  Ipoc  Ucc 

_ (Pe)  (Te)  (pe)  (Ue) 

K _ KPa  K  kg/m3  m/s 

300  1.92  50  172  1.01  506 

300  1  47  225  0.10  871 

300  1  101  225  0.22  87r 

300  I  1  1 201  I  225  0.44  871 

*  See  Appendices  A  and  B  for  calculations. 

**  Subscript  "oc"  indicates  freestream  and  subscript  "e"  indicates  nozzle  exit  value. 


(Pe) 

kg-m^/s^ 

1.29x105 

0.39x105 

0.86x10^ 

1.72x105 


Po 

_ KPa 

Freestream _ 345 

Helium  (T=l)  97 
Helium  (4^  =  2)  207 
Helium  (4*  =  4)  414 
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Figure  3. 1 .  Schematic  of  supersonic  combustion  facility. 


Supersonic  wind  tunnel: 

(H,W,L)  -- 13.1  X  15.2  X  91.4  cm 


Figure  3.2.  Schematic  of  extended  strut  and  reference  coordinate  system. 
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Figure  3.3.  Nozzle  and  nozzle  extension  tube  mouni 
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Figure  3.4  Windtunnel  with  side  wall  removed  showing  the  nominal  Mach  2  nozzle, 
extended  strut,  and  beginning  of  the  test  section. 


Figure  3.5.  Photographs  of  the  tips  of  the  injector  nozzles:  a)  circular,  b)  elliptical, 
and  c)  and  d)  circular-with-tabs. 
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Figure  3.6.  Design  specifications  for  circular-with-tabs  nozzle. 


CHAPTER  4 


EXPERIMENTAL  TECHNIQUES  AND  INSTRUMENTATION 

Various  complementary  methods  were  used  to  obtain  a  description  of  the  flow 
field  around  the  strut  both  without  and  with  helium  injection.  Schlieren  photography, 
planar  Rayleigh/Mie  scattering,  acetone  Planar  Laser-Induced  Fluorescence  (PLIF),  and 
flow  visualization  using  titanium  tetrachloride  were  used  to  visualize  the  flow  field,  while 
Laser  Doppler  Velocimetry  (LDV)  was  used  to  measure  flow  velocities.  Schlieren 
photography  provided  preliminary  views  of  the  flow  field  which  were  used  to  check  for 
unexpected  flow  disturbances  and  to  identify  the  domain  of  interest  in  the  flow  field. 
Planar  Rayleigh/Mie  scattering  in  three  orthogonal  planes  of  view,  with  the  primary  flow 
seeded,  provided  a  visual  image  of  the  helium  jet  shape  and  mixing  structures.  LDV  was 
used  to  obtain  quantitative  velocity  data  to  provide  a  statistical  description  of  the  flow 
field.  LDV  velocity  profiles  were  recorded  at  the  same  streamwise  locations  as  the  face- 
on  view  Rayleigh/Mie  images  in  order  to  allow  direct  comparison  between  the  velocity 
contours  and  the  visible  flow  structures.  Acetone  PLIF,  with  the  helium  jet  seeded, 
revealed  the  structure  of  the  jet  at  the  exit  of  the  injector  nozzle,  where  the  Rayleigh/Mie 
images  provided  insufficient  information.  Light  scattered  firom  products  of  the  chemical 
reaction  between  titanium  tetrachloride  and  water  highlighted  the  jet  and  the  recirculation 
zone  in  a  manner  visible  to  the  naked  eye.  The  titanium  tetrachloride  seeding  provided  a 
three-dimensional  view  of  the  flow  field  with  helium  injection.  The  basic  experimental 
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concepts  and  data  analyses  involved  in  each  of  these  techniques  will  be  discussed  in  this 
chapter. 

4.1  Schlieren  photography 

Schlieren  images  indicate  the  density  gradients  present  in  a  flow  field  [Holman 
1994].  The  images  are  created  by  projecting  a  beam  of  collimated  light  through  the  test 
section  of  the  wind  tunnel,  focusing  the  light  on  a  knife  edge,  and  eolleeting  the  reffaeted 
light  on  a  screen  or  optical  recording  device.  This  is  a  line-of-sight  technique,  and  thus 
the  density  gradient  indicated  at  any  point  in  the  image  is  integrated  along  a  line  through 
the  test  section  perpendicular  to  the  plane  of  view.  As  a  result,  some  detailed  features  of 
the  flow  may  not  be  captured.  Furthermore,  because  of  this  integrating  effect,  schlieren 
photography  is  better  suited  to  the  study  of  two-dimensional  flow  fields  than  to  three- 
dimensional  flow  fields. 

Figure  4.1  shows  a  schematic  of  the  schlieren  photography  system  used  in  these 
studies.  A  mercury  arc  lamp  was  positioned  at  the  122-cm  focal  length  of  a  20-cm- 
diameter  plano-eoncave  mirror.  The  light  was  focused  on  a  slit  and  then  reflected  from 
the  surface  of  this  mirror  (mirror  1),  ideally  collimated,  through  the  tunnel  test  section  to 
a  second  mirror  (mirror  2)  positioned  directly  across  from  the  first.  A  knife  edge  was 
positioned  at  the  122-cm  focal  point  of  a  second  plano-concave  mirror  (mirror  2). 
Finally,  a  10.2-by-12.7-cm  Graphlex  camera  (consisting  of  a  127-mm  lens,  extended 
bellows,  and  film  holder)  was  positioned  so  that  an  image  of  the  test  section  filled  the 
entire  firame  of  the  film  holder.  The  knife  edge  was  adjusted  to  maximize  sensitivity  to 
density  gradients  as  observed  in  an  image  projected  on  a  piece  of  ground  glass  which  was 
placed  in  the  film  holder  for  visualization  purposes.  The  aperture  was  set  at  f/4.5  with  a 
shutter  speed  of  1/400  second  and  a  series  of  Polaroid  images  were  taken  on  type  52 
Polaroid  lO-cm-by-12-cm  film  (1000  ASA),  one  photograph  for  each  injection  nozzle  at 
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various  operating  conditions.  The  schlieren  photographs  are  time  averaged  visualizations 
of  the  flow  and  shock  system. 

The  schlieren  images  provided  preliminary  views  of  the  flow  field  for  two 
purposes:  1)  to  check  the  flow  field  for  any  density  gradients  resulting  fi'om  unexpected 
flow  disturbances,  and  2)  to  identify  the  domains  of  interest  for  further  flow  visualization 
and  velocity  measurements.  The  schlieren  photographs  were  scanned,  digitized,  and 
superimposed  on  a  calibration  scale  for  reference.  The  photographs  were  examined  for 
the  locations  of  the  expansion  fans,  shock  waves,  the  extent  of  the  jet  and  wake  regions, 
and  the  presence  of  unexpected  density  gradients. 

4.2  Rayleigh  and  Mie  scattering 

4.2.1  Rayleigh  and  Mie  scattering  technique 

There  are  two  basic  regimes  of  elastic  scattering  (scattering  processes  which  leave  the 
internal  energy  of  the  scatterer  unchanged),  and  the  type  that  occurs  in  a  given  situation  is 
dependent  on  the  relative  magnitudes  of  the  characteristic  dimensions  of  the  scattering 
particles  and  the  wavelength  of  the  incident  light  [McCartney  1976].  If  the  size  of  a 
particle  is  greater  than  or  equal  to  the  wave  length  of  the  illuminating  light  (i.e.,  Vp  >  X; 
r p  being  the  radius  of  the  particle  and  X  the  wavelength  of  light),  then  the  particle  is 
referred  to  as  a  "Mie"  scatterer  and  the  scattering  is  described  by  Mie  theory.  If  a  particle 
is  sufficiently  small  (i.e.,  rp  «  X),  it  is  refered  to  as  a  "Rayleigh"  scatterer;  that  is,  the 
scattering  is  adequately  described  by  the  much  simpler  Rayleigh  theory.  Rayleigh  and 
Mie  scattering  have  distinct  scattering  intensity  profiles  as  a  function  of  observation 
direction 

((j)).  Rayleigh  scattered  intensity  given  in  units  of  watts  per  steradian,  is 

proportional  to  the  sixth  power  of  the  particle  radius  (i.e.,  .^(<j)jj)  oc  rp^  )  and  inversely 
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proportional  to  the  fourth  power  of  the  incident  wavelength  (i.e., 
scattering  shows  an  almost  exponential  dependence  on  the  ratio  of  particle  radius  to  light 
wavelength  (rp/X).  For  the  present  study,  however,  as  long  as  the  particles  follow  the 
flow,  their  size  and  whether  the  particles  are  within  the  Rayleigh  regime  are  not  of  critical 
importance.  Since  the  particle  size  was  not  specifically  measured  in  these  experiments, 
the  term  Rayleigh/Mie  scattering  will  be  used  in  subsequent  discussion. 

The  scattering  images  were  created  by  illuminating  the  flow  with  a  sheet  of  laser 
light,  capturing  the  scattered  light  with  a  photosensitive  recording  device,  and  converting 
the  signal  into  a  digitized  planar  image.  In  recent  years,  two  methods  of  flow 
visualization  through  light  scattering,  referred  to  as  "product  formation"  and  "scalar 
transport"  techniques,  have  been  used  to  study  the  mixing  of  two  fluids  in  high  speed 
flows  [Clemens  and  Mimgal  1991].  In  the  "product  formation"  technique,  vapor  is  added 
to  one  fluid  that  is  warm  enough  to  sustain  the  vapor  .  The  vapor  remains  in  vapor  state 
imtil  it  comes  in  contact  with  the  cooler  fluid  of  the  second  stream.  The  vapor  then 
condenses  at  the  interface  of  the  two  fluids,  forming  small  particles,  therefore,  effectively 
marking  the  mixing  region. 

In  the  "scalar  transport"  technique,  one  fluid  is  seeded  with  a  vapor  that  condenses 
and  freezes  as  it  expands  to  the  desired  velocity.  Thus,  only  one  stream  is  marked  and 
the  interface  between  the  two  streams  is  seen  as  the  transition  from  marked  to  unmarked 
fluid.  Both  techniques  highlight  the  flow  structures  at  the  interface  of  the  two  fluids.  The 
transitional  area  provides  information  on  the  mixing  dynamics  between  the  two  fluids 
which  is  of  utmost  interest  in  the  present  study.  A  detailed  description  of  these  two 
techniques  is  presented  by  Clemens  and  Mungal  [1991]. 
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4.2.2  Scattering  particles 


The  present  study  utilized  the  scalar  transport  technique  to  highlight  the  mixing 
interface  between  the  helium  jet  and  the  primary  freestream  air.  The  scattering  particles 
were  the  ice  crystals  which  condensed  from  the  small  amount  of  moisture  naturally 
present  in  the  wind  tunnel  supply  air.  As  air  passed  through  the  supersonic  nozzle,  the 
moisture  condensed  to  form  an  ice  "fog"  that  effectively  scattered  radiation  at  the  incident 
wavelength  (A  =  248  nm)  in  the  present  experiment.  This  visualization  method  using 
naturally  present  moisture  has  previously  been  used  in  supersonic  boundary  layers  [Miles 
and  Lempert  1990,  Amette  et  al.  1993a],  mixing  layers,  [Elliott  et  al.  1992  and  1995], 
and  a  transverse  sonic  jet  [Gruber  et  al.  1995].  Likewise,  condensation  of  ethanol  vapor 
added  to  the  supersonic  stream  has  previously  been  used  in  visualizing  supersonic  mixing 
layers  [Clemens  and  Mungal  1991,  Messersmith  et  al.  1991]  and  in  a  study  of  a 
transverse  sonic  jet  [Hermanson  and  Winter  1993]. 

Studies  of  condensation  inside  supersonic  nozzles  have  shown  that  the  ice  crystals  are 
nearly  mono-dispersed  with  diameters  between  0.003  pm  and  0.014  pm,  depending  on 
the  moisture  content  of  the  inlet  air  [Wegener  and  Pouring  1 964,  Wegener  and  Parlange 
1967].  During  operation  of  the  wind  tunnel  at  thermodynamic  conditions  similar  to 
those  used  in  the  present  study,  the  signal  scattered  from  the  ice  crystals  in  the  tunnel 
disappeared  when  the  polarization  of  the  532  nm  wavelength  illuminating  laser  sheet  was 
changed  [Gruber  1995].  Since  Mie  scattering  would  be  insensitive  to  this  change  in 
polarization,  according  to  the  aforementioned  Rayleigh  theory,  the  diameter  of  the 
particle  must  be  an  order  of  magnitude  smaller  than  0.532  pm. 

As  stated  previously,  the  primary  concern  about  particle  size  is  whether  the  particle  is 
small  enough  to  accurately  follow  the  turbulent  fluctuations  of  the  flow  in  the  present 
study.  For  particles  to  accurately  respond  to  flow  fluctuations,  the  Stokes  number  (St) 
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must  be  less  than  about  0.05  [Samimy  and  Lele  1991].  The  Stokes  number  is  a 
nondimensional  parameter  defined  as  a  time  scale  ratio  relating  the  magnitude  of  a 
characteristic  flow  time  scale  (xj)  and  a  particle  response  time  scale  (Xp), 


St  = 


4.1 


For  a  free  shear  layer,  ty  reflects  the  motion  of  the  large-scale  structures,  which  are 
known  to  dominate  turbulent  mixing  layers  [Brown  and  Roshko  1974]. 

An  estimate  of  'yfor  the  extended  strut  configuration  used  in  this  study  is  the  ratio  of 
half  the  strut  width  (h/2)  and  the  velocity  difference  between  the  freestream  air  and  the 
recirculating  fluid  behind  the  base  of  the  strut  (AU): 
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The  particle  response  time  scale  (Xp)  is  defined  as  the  time  required  for  a  particle  to 
accelerate  from  rest  to  63%  of  a  constant  fi’ee  stream  velocity,  assuming  a  spherical 
particle  and  Stokes  drag.  The  particle  response  time  is  given  by  Melling  [1986] 
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where  (kg/m  s)  is  particle  density,  dp  (m)  is  particle  diameter,  p  (kg/m  s)  is  absolute 
fluid  viscosity  and  Ky^  is  the  non  dimensional  Knudsen  number. 
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where  p  (kg/m-s)  is  fluid  density  and  a  (m/s)  is  the  speed  of  sound  in  the  fireestream  fluid. 
Using  a  conservative  estimate  of  the  ice  crystal  diameter  {dp)  of  0.03  pm  (compared  to 
that  determined  by  Wegener  and  Pouring  [1964]  and  Wegener  and  Parlang  [1967]),  a  half 
strut  width  (h/2)  of  6.35  mm,  and  a  velocity  difference  (Au)  of  520  m/s,  the  Stokes 
number  is  calculated  to  be  0.003  for  the  operating  conditions  of  this  experiment.  This 
Stokes  number  is  well  below  the  upper  limit  of  0.05  as  calculated  by  Samimy  and  Lele 
[1991].  Therefore,  the  ice  crystals  found  in  the  subject  flow  are  predicted  to  be  small 
enough  to  follow  the  large-scale  turbulent  fluctuations  within  this  flow  field. 

However,  the  ice  particles  in  the  flow  evaporate  when  subjected  to  the  elevated 
temperatures  in  the  recirculation  zone  behind  the  strut  and  then  recondense  downstream. 
Further,  the  ice  crystal  size  is  likely  to  change  in  the  boundary  layer  and  through  the 
expansion  waves.  Given  these  observations,  the  particles  are  not  considered  a  conserved 
scalar,  and  the  Rayleigh/Mie  images  cannot  be  used  to  compute  quantitative  mole 
fraction  of  air  to  helium.  However,  since  scattering  intensity  is  proportional  to  the 
number  density  of  the  scattering  particles  outside  regions  of  significant  temperature  or 
pressure  gradients,  the  intensity  of  scattered  light  can  be  considered  a  qualitative 
indicator  of  air  concentration.  As  a  result,  intensity  range  mapping  could  be  used  to 
examine  propagation  of  the  jet  core  and  the  dynamics  of  the  mixing  between  the  helium 
jet  and  fireestream  air. 

4.2.3  Rayleigh/Mie  scattering  instrumentation 

A  Lambda  Physik  EMG  150  Excimer  pulsed  laser  produced  the  248  nm  wavelength 
ultraviolet  radiation  used  fior  these  Rayleigh/Mie  scattering  experiments.  The  laser  beam 
was  focused  into  a  sheet  and  projected  through  the  test  section  by  a  series  of  lenses  and 
prisms.  The  sheet  thickness  was  estimated  to  be  300  pm. 
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As  shown  in  Figures  4.2,  4.3,  and  4.4,  the  optical  components  were  arranged  in  three 
separate  configurations  to  produce  laser  sheets  in  three  orthogonal  planes:  streamwise, 
face-on,  and  plan  views.  The  images  shown  on  the  “monitor”  in  these  figures  provides  a 
general  sketch  of  the  flow  field  resulting  from  helium  injection  from  a  circular  nozzle  as 
seen  using  the  planar  Rayleigh/Mie  scattering  technique  from  each  of  the  three  different 
perspectives.  The  streamwise  view  shows  the  image  created  by  passing  a  sheet  of  laser 
light  oriented  in  an  (X,Y)  plane  through  the  test  section  of  the  wind  tunnel.  The  face-on 
views  show  images  created  by  passing  a  sheet  of  laser  light  oriented  in  the  (Y,Z)  plane 
through  the  test  section.  It  should  be  noted  that  the  face-on  view  is  recorded  with  the 
camera  located  30°  off  of  the  streamwise  tunnel  axis  resulting  in  an  8%  compression  in 
the  spanwise  coordinate  (which  is  later  corrected).  For  the  streamwise  and  plan  views, 
the  camera  is  perpendicular  to  the  sheet.  The  plan  view  shows  the  image  created  by 
passing  a  sheet  of  laser  light  oriented  in  an  (X,Z)  plane  through  the  test  section  of  the 
wind  tunnel. 

The  focusing  optics  used  to  produce  the  laser  sheet  for  the  streamwise  views  included 
a  200-mm-focal-length  plano-convex  cylindrical  lens  followed  by  a  500-mm-focal-length 
plano-convex  spherical  lens.  The  plano-convex  200-mm-focal-length  cylindrical  lens 
was  replaced  by  a  plano-concave  250-mm-focal-length  cylindrical  lens  to  form  the  laser 
sheet  for  both  the  plan  and  face-on  images.  This  change  was  made  to  accommodate 
space  limitations  on  the  optical  table. 

The  scattered  light  signal  was  collected  through  a  Nikon  UV-Nikkor  105-mm ^4.5 
telephoto  lens  and  was  imaged  onto  the  578-by-384-pixel  array  of  a  Princeton  Instrument 
Intensified  Charge  Coupled  Device  (ICCD)  camera  having  a  14-bit  resolution. 
Accordingly,  each  of  the  221,952  pixels  was  assigned  an  intensity  or  "gray  level"  value 
between  0  and  16,384  based  on  the  amount  of  light  collected  by  that  pixel  in  the  array. 
The  gain  of  the  camera  was  adjusted  to  maximize  its  dynamic  range  while  avoiding 
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saturation  at  any  one  pixel.  The  camera  aperture  gate  width  was  set  at  2  ps.  However, 
the  effective  gate  width  is  set  by  the  laser  temporal  pulse  width  of  approximately  20  ns. 
Therefore,  the  effective  gate  width  is  sufficiently  short  in  duration  to  consider  the  images 
instantaneous.  Various  thickness  (3.2  mm,  6.4  mm  and  12.7  mm)  extension  spacer  disks 
were  fabricated  and  mounted  between  the  ICCD  camera  body  and  lens  for  greater 
magnification  (higher  spatial  resolution)  in  each  plane  of  view.  The  ICCD  camera  and 
sheet-forming  optics  were  mounted  onto  the  same  table  so  that  the  camera  and  laser  sheet 
could  be  moved  in  unison.  This  allowed  the  camera's  focus  on  the  laser  sheet  to  be  easily 
maintained.  Software  was  developed  to  capture  and  label  a  series  of  images  and  store 
them  on  a  personal  computer.  The  data  were  then  transferred  to  optical  disks  for 
permanent  storage  and  subsequent  analysis. 

4.2.4  Planar  Rayleigh/Mie  scattering  images 

A  series  of  20  instantaneous  images  was  recorded  for  selected  locations  and  operating 
conditions.  Both  the  streamwise  and  the  spanvidse  images  represent  a  4.32-by-2.79-cm 
field  of  view,  with  the  flow  from  left  to  right  while  the  face-on  view  has  a  3.30-by-2.03- 
cm  field  of  view  with  the  flow  direction  out  of  the  plane  of  the  page.  These  dimensions 
were  imaged  onto  the  578-by-3 84-pixel  array  of  the  camera,  giving  a  planar  pixel 
resolution  of  about  75  pm  per  pixel  for  the  stream'wise  and  spanwise  planes  as  opposed  to 
53  pm  per  pixel  for  the  face-on  view  plane.  The  images  are  not  intended  to  show 
microscopic  mixing.  Rather,  the  images,  being  spatially  integrated  over  the  300  pm  laser 
sheet  thickness,  yield  a  view  of  the  large  scale  flow  structures. 
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4.3  Acetone  Planar  Laser-Induced  Fluorescence  (PLIF) 


4.3.1  Acetone  PLIF  technique 

Planar  Laser-Induced  Fluorescence  (PLIF)  provides  a  planar  image  of  the  number 
density  of  fluorescing  medium  suspended  in  a  fluid  [Lozano  et  al.  1992].  Although 
results  obtained  with  PLIF  are  nominally  similar  to  those  obtained  with  Rayleigh/Mie 
scattering,  in  that  a  planar  image  of  the  flow  field  is  obtained,  there  are  some  important 
differences.  Most  importantly,  in  the  high  temperature  region  at  the  base  of  the  strut, 
fluorescence  firom  acetone  vapor  effectively  marks  the  helium  jet  whereas  the  moisture, 
forced  into  the  vapor  state  by  the  elevated  temperature,  contained  in  the  air  does  not 
effectively  scatter  light  to  mark  the  presence  of  air.  Thus,  acetone  PLIF  was  used  to 
depict  the  shape  of  the  barrel  shock  and  the  location  of  the  Mach  disk  in  the  jet,  issuing 
from  a  circular  nozzle,  at  the  nozzle  exit  where  no  information  is  derived  from 
Rayleigh/Mie  images.  PLIF  is  also  attractive  because  wavelength  of  the  fluorescence  is 
different  from  the  wavelength  used  for  excitation,  and  thus  by  proper  choice  of  optical 
filters,  scattering  fi’om  surfaces  in  the  tunnel  can  be  eliminated. 

Acetone  has  proven  to  be  an  excellent  molecular  tracer  for  experimental  use 
because  of  the  high  signal-to-noise  ratio  of  the  derived  PLIF  images,  acetone's  non-toxic 
nature,  and  an  excitation  fi-equency  that  is  easily  accessible  by  different  lasers  [Lozano  et 
al.  1992].  Acetone  (CH3-CO-CH3)  has  a  molecular  weight  of  58.08,  a  specific  gravity  of 
0.79,  and  a  vapor  pressure  of  24  KPa  (3.48  psia)  at  293  K  (527  R).  It  absorbs  radiation 
and  is  excited  from  a  ground  singlet  state  to  a  first  excited  singlet  state  in  the  225  to  320 
nm  region.  Most  of  the  excited  acetone  molecules  in  the  singlet  state  are  transferred  to 
the  triplet  state,  and  almost  all  of  the  remaining  excited  singlet  molecules  fluoresce  at  a 
wavelength  of  350  -  600  nm  with  a  lifetime  of  a  few  nanoseconds  [Lazano  et  al.  1992]. 
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The  triplet  state  molecules  undergo  phosphorescence  which  is  shifted  toward  the  red  with 
respect  to  the  singlet-state  fluorescence,  with  a  natural  lifetime  of  approximately  200  ms 
[Greenblatt  et  al.  1984,  Copeland  and  Crosley  1985].  However,  the  triplet  state  is 
effectively  quenched  by  O2.  In  addition,  the  phosphorescence  can  be  discriminated 
against  by  using  a  very  short  camera  gate  width. 

In  order  to  determine  whether  acetone  vapor  is  a  conserved  scalar  under  the 
present  test  conditions,  it  is  necessary  to  determine  the  dependence  of  the  intensity  of 
acetone  fluorescence  on  temperature  and  pressure  in  the  ranges  present.  Lozano  et  al. 
[1992]  suggest  that  acetone  fluorescence  is  independent  of  temperature  and  local  gas 
composition  and  assume  so  for  their  experiments.  However,  experiments  by  Tait  and 
Greenhalgh  [1992]  show  acetone  to  be  temperature  dependent  at  least  in  the  200-900  K 
range,  whereas  a  comparative  vapor  of  acetaldehyde  was  not.  Tait  and  Greenhalgh 
[1992]  suggest  that  this  temperature  dependence  is  due  to  two  separate  nearly 
degenerative  fluorescing  states  and  quenching.  Therefore,  it  appears  that  in  highly 
underexpanded  supersonic  flows,  an  acetone  PLIF  image  is  a  qualitative  "picture"  of  the 
number  density  field.  In  this  study,  acetone  PLIF  was  used  solely  to  visualize  the  internal 
structure  of  the  helium  jet,  including  the  Mach  disk,  and  to  observe  the  presence  of 
helium  in  the  recirculation  zone. 

4.3.2  Acetone  PLIF  instrumentation 

A  frequency-doubled  Spectra-Physics  Quanta-Ray  DCR-4  Nd:YAG  laser  = 
532  nm)  in  conjunction  with  a  Quanta-Ray  wavelength  extender  (WEX-1)  produced  the 
ultraviolet  radiation  (266  nm)  for  acetone  PLIF.  The  laser  overall  power  was  maintained 
at  approximately  400  mJ.  The  acetone  added  to  the  helium  jet  was  regulated  along  with 
the  helium  gas  flow  rate.  The  experimental  configuration  for  acetone  PLIF  is  shown  in 
Figure  4.5.  It  is  nearly  the  same  configuration  used  for  the  Rayleigh/Mie  scattering 
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technique  for  the  streamwise  plane  of  view  (Figure  4.2),  except  that  the  Excimer  laser 
was  replaced  by  the  YAG/WEX  laser  system.  Likewise,  nearly  the  same  imaging  system 
was  used  as  in  the  Rayleigh/Mie  setup,  except  that  a  Nikon  Nikkor  60-mm  f/2.8  Micro 
lens  replaced  the  UV  telephoto  lens.  Because  the  acetone  fluorescence  is  visible  (X  =  350 
-  600  nm),  a  standard  camera  lens  can  be  used;  an  added  advantage  of  using  a  standard 
lens  is  that  it  effectively  filters  out  the  strong  scattering  and  reflections  from  wind  tunnel 
wall  surfaces  (windows)  at  the  wavelength  of  the  incident  radiation  (X  =  266  nm). 

4.4  Titanium  tetrachloride  based  visualization 

A  titanium  tetrachloride  based  flow  visualization  technique  was  used  to 
investigate  the  development  of  the  jet  as  it  moved  further  downstream.  Since  this 
technique  depends  on  a  reaction  between  titanium  tetrachloride  and  moisture  in  the  flow, 
moist  air  was  used  as  the  injectant  fluid  instead  of  helium  (which  is  essentially  moisture- 
free).  Air  was  passed  through  a  reservoir  containing  titanium  tetrachloride  powder 
several  meters  upstream  of  the  injection  point.  Titanium  tetrachloride  (TiCl4)  seeded 
into  moist  air  reacts  with  the  vapor-phase  H2O  to  produce  titanium  dioxide(Ti02)  and 
hydrochloric  acid  (HCl).  The  balanced  chemical  equation  for  this  reaction  is 

TiCl^  +  2Hfi - >4HCl  +  TiO^  4.5 

The  titanium  dioxide  and  hydrochloric  acid  molecules  remained  suspended  in  the  air 
as  the  jet  passed  through  the  nozzle  into  the  primary  flow.  A  tungsten  lamp  strobe  light 
was  projected  in  the  spanwise  direction  through  the  tunnel.  The  flow  was  illuminated  at  a 
pulse  rate  of  10  Hz.  The  scattered  light  from  the  Ti02  molecules  was  substantial  enough 
to  be  seen  by  the  naked  eye  with  even  a  modest  number  density  of  titanium  tetrachloride 
seed. 
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Since  the  illuminating  light  was  passed  across  the  entire  tunnel  instead  of  in  a  sheet 
like  the  Rayleigh\Mie  and  acetone  PLIF  technique,  the  view  is  spatially  integrated  as  in 
the  schlieren  technique.  Therefore,  the  fine  detail  seen  in  the  planar  images  is  absent. 
This  technique  showed  the  structure  of  the  jet  and  the  shape  of  the  recirculation  zone 
(which  contained  some  of  the  titanium  tetrachloride  escaping  the  jet).  Due  to  the 
corrosive  nature  of  the  hydrochloric  acid  byproduct,  experiments  in  this  study  involving 
titanium  tetrachloride  were  limited  to  two  nozzle  geometries  (elliptic  and  circular-with- 
tabs)  and  run  time  was  limited  to  a  few  minutes. 

4.5  Laser  Doppler  velocimetry 

4.5.1  Laser  Doppler  velocimetry  technique  and  instrumentation 

Laser  Doppler  velocimetry  (LDV)  provides  point  velocity  measurements  in  a  flow  by 
detecting  the  Doppler  shift  of  light  scattered  by  particles  moving  with  the  flow  [Drain 
1980].  LDV  has  been  used  extensively  to  map  the  velocities  of  subsonic  and  supersonic 
flow  fields  and  to  provide  quantitative  mean  velocity  and  turbulence  data  [Samimy  1984, 
RafFoul  1995]. 

A  finite  measmement  voliune  for  one-component  LDV  measurements  is  created  by 
focusing  two  coherent  laser  beams  of  known  wavelength  at  a  point  in  space.  Figure  4.6 
shows  the  one-component  LDV  measurement  volume  created  by  the  intersection  of  two 
laser  beams.  Two-  or  three-component  LDV,  in  general,  is  obtained  by  superimposing 
two  or  three  one-component  LDV  measurement  volumes  created  with  beams  at  different 
wavelengths.  Both  one-  and  two-component  LDV  were  used  in  these  experiments. 

An  interference  fringe  pattern  is  formed  where  each  two  beams  of  a  pair  cross  (Figure 
4.6).  The  fringe  spacing  {dj)  is  calculated  by  the  equation 
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where  X  is  the  wavelength  of  the  laser  light  and  k  is  the  lens  half  angle.  The  number  of 
fringes  (Njf)  in  the  measurement  volume  is  calculated  by  the  equation 


^  D., 


where  is  the  diameter  (at  which  the  intensity  is  equal  to  of  the  centerline 
intensity)  of  the  laser  beam  and  d^,  is  the  distance  between  the  beams  entering  the  lens 
system  of  the  LDV. 

Particle  velocity  is  calculated  from  the  time  rate  at  which  the  particle  passes  through 
the  fringes.  The  laser  beam  wavelength  in  combination  with  the  measurement  volume 
fringe  spacing  and  orientation  dictates  the  range  of  velocities  measurable  with  the  LDV 
system. 

In  the  one-component  LDV  setup  the  laser  beam  from  an  argon-ion  laser  was  passed 
through  a  collimator  and  then  separated  into  its  blue  (X  =  488  nm)  and  green  (h  =  514.5 
nm)  components  using  a  prism.  Figure  4.7  shows  a  schematic  of  the  LDV  system.  The 
blue  beam  was  passed  through  a  polarizing  filter  and  then  a  beam  splitter  where  two, 
parallel  blue  beams  emerged  15.6  mm  apart.  The  blue  beams  =  1.22  mm)  were 
then  passed  through  a  250-mm-focal-length  spherical  lens  to  form  the  measurement 
volume  at  the  desired  point  of  interrogation.  The  fringe  spacing  (dj)  was  determined  to 
be  7.82  |im  (k  =  1.787°)  for  the  blue  component  of  the  LDV  system;  while  the  number 
of  fringes  (A^)  in  the  measurement  volume  was  calculated  to  be  16.  The  green  beam 
was  likewise  polarized  and  split  into  two  parallel  beams  =  1.25  mm),  16.28  mm 
apart,  and  focused  in  a  plane  orthogonal  to  the  plane  of  the  blue  beams.  The  resulting 


measurement  volume  also  contains  16  fringes  with  a  7.9  pm  fnnge  spacing  created  by  the 
K  =  1.865  degree  half  angle. 

The  blue  and  green  beams  were  adjusted  to  cross  at  the  same  location  (Figure  4.7). 
The  planes  of  the  two  fringe  patterns  were  oriented  perpendicular  to  one  another  and  at 
±  45°  to  the  mean  streamwise  flow  velocity  vector.  The  combined  velocity  components 
were  then  used  to  compute  the  streamwise  velocity  u  along  the  X-axis  and  the  transverse 
velocity  v  along  the  Y-axis. 

The  length  (/;„)  and  width  of  the  measurement  volume  in  this  experiment 
were  calculated  to  be  approximately  130  pm  and  4  mm,  respectively  (Figure  4.6).  These 
dimensions  were  calculated  from  the  equations 
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where/is  frequency  of  the  laser  beam  light.  However,  A  100pm  aperture  placed  in  front 
of  the  collecting  optics  created  an  effective  measurement  volume  length  of  /^  =  100  pm 

The  measurement  volume  was  systematically  moved  to  obtain  a  series  of  velocity 
profiles  along  the  X,  Y  and  Z  axes  in  the  same  planes  of  view  as  the  Rayleigh/Mie  face- 
on  images.  This  allowed  direct  comparison  of  the  velocity  parameters  acquired  by  LDV 
measurements  and  the  flow  structures  captured  in  the  Rayleigh/Mie  images. 

Light  scattered  from  particles  in  the  flow  was  collected  and  focused  onto  photo 
multiplier  tubes  (PMTs)  positioned  outside  the  tunnel  windows.  Since  light  transmitted 
and  refracted  through  the  tunnel  windows  is  most  intense  in  the  forward  scattering 
direction,  collecting  light  off-axis  reduces  the  intensity  of  spurious  light  entering  the 
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PMTs.  The  PMTs  were  positioned  at  21°  to  the  direction  of  propagation  of  the  incident 
laser  light  to  optimize  the  signal-to-noise  ratio  of  the  light  scattered  by  the  particles. 
Viewing  the  measurement  volume  at  21  °  off  the  forward  scattering  direction  reduced  the 
length  of  the  measurement  volume  by  7%.  But  as  previously  mentioned,  the  100-pm 
aperture  placed  in  front  of  the  PMTs  blocked  light  outside  the  100  pm  dimension  and  thus 
determined  the  effective  measurement  volume  size. 

LDV  requires  particles  that  are  small  enough  to  follow  turbulent  fluctuations  in  the 
flow  but  large  enough  to  scatter  an  amount  of  light  adequate  for  detection  above 
background  noise.  As  discussed  in  Section  4.2.2,  particle  motion  is  governed  by  the 
Stokes  number  [Samimy  and  Lele  1991].  For  this  experiment,  the  ice  crystals  formed 
from  the  moisture  present  in  the  supply  air  were  small  enough  to  adequately  follow  the 
flow  but  generated  only  a  low  rate  of  data  collection.  This  suggests  that  the  LDV  signal 
processor  was  accepting  only  the  particles  on  the  high  end  of  the  particle  size 
distribution.  To  increase  the  data  rate,  additional  water  was  added  through  a  spray 
atomizer  cormected  to  seed  port  of  the  settling  chamber  section  of  the  wind  tunnel  (see 
Figure  3.1  for  the  tunnel  schematic).  This  increased  the  data  rate  substantially  but  did  not 
significantly  affect  the  resulting  mean  velocity  and  turbulence  intensity  measurements. 
The  deviations  between  data  collected  with  and  without  the  additional  spray  atomized 
water  were  1%  for  the  mean  streamwise  velocity,  6%  for  the  streamwise  turbulence 
intensity,  and  less  than  1%  for  the  transverse  turbulence  intensity  in  a  region  behind  the 
strut  known  to  incur  high  turbulence.  Since  this  is  within  reasonable  agreement,  a 
minimal  amoimt  of  water  was  spray  atomized  into  the  settling  chamber  to  increase  the 
data  rate. 

A  40  MHz  frequency  shift  of  one  of  the  blue  and  one  of  the  green  beams  was  used  to 
shift  the  range  of  measurable  velocities  u  and  v  from  0  to  1060  m/s  to  -461  to  600  m/s 
(for  the  two-component  system).  This  range  allowed  measurement  in  both  the  freestream 
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(where  U  is  approximately  520  m/s,  V  nominally  zero  m/s)  and  in  the  recirculation  zone 
(where  U  reaches  approximately  -40m/s,  V  small  positive  and  negative  values).  A  TSI 
Intelligent  Flow  Analyzer  (IF A)  750  auto  correlation  signal  processor  evaluated  the 
signals  and  eliminated  those  that  were  generated  by  the  presence  of  more  than  one 
particle  in  the  measurement  volume,  the  signals  that  were  too  weak,  or  those  that  passed 
through  less  than  4  of  the  16  fringes.  The  signal  processor  was  operated  in  coincident 
mode  in  order  to  accept  data  from  only  those  particles  that  scattered  adequate  light  to 
generate  acceptable  signals  from  each  of  the  two  fringe  patterns  within  the  coincidence 
time  window  of  20  |is. 

The  most  upstream  streamwise  LDV  measurement  that  could  be  acquired 
downstream  of  the  base  of  the  strut  without  the  strut  blocking  one  of  the  beams  was  X/h 
=  0.80.  However,  a  film  repeatedly  developed  on  the  window  in  the  region  of  the 
recirculation  zone  just  behind  the  strut  base  making  measurements  closer  than  X/h  =  1 
problematic.  Thus,  X/h  =  1  is  the  streamwise  location  of  the  first  measurement  location 
downstream  of  the  base  of  the  strut.  One  or  more  of  the  beams  forming  the  two- 
component  measurement  volume,  centered  spanwise  in  the  tunnel,  were  blocked  by  the 
strut  or  top/bottom  tunnel  walls  when  the  measurement  volume  was  within  1.9  mm  of  the 
strut  and  tunnel  surfaces.  Therefore,  a  one-component  LDV  system  was  used  for  near¬ 
wall  boimdary  layer  measurements. 

The  one-component  LDV  system  set-up  was  similar  to  that  of  the  two-component 
system,  except  that  a  single  fringe  pattern  was  oriented  to  obtain  the  streamwise  velocity 
component  U  alone.  The  data  collected  using  the  one-component  LDV  system  stretched 
from  0.25  mm  to  1.65  mm  off  the  surface  of  the  strut.  Measurements  further  from  the 
surface  were  prohibited  by  the  frequency  limitations  of  the  signal  processor 
(corresponding  to  a  maximum  velocity  of  424  m/s).  The  data  taken  with  the  one- 
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component  LDV  system  combined  with  the  data  taken  with  the  two-component  system 
covered  the  entire  transverse  span  of  the  tunnel. 

4.5.2  Laser  Doppler  velocimetry  measurements 

The  TSI  software  included  in  the  LDV  system  computes  the  streamwise  and 
transverse  velocities  and  associated  statistical  parameters  for  the  one-  and  two-component 
LDV  configurations  [TSI  Incorporated  1992].  A  FORTRAN  program  was  written  to 
extract  the  velocities  from  the  data  file  generated  by  the  TSI  system  and  to  compute  mean 
velocities,  turbulence  intensities,  correlation  coefficients,  and  turbulent  shear  stresses. 
The  equations  defining  the  aforementioned  parameters  are  discussed  in  Section  5.3.  and 
listed  in  Appendix  C. 

The  LDV  system  recorded  approximately  5,120  measurements  per  location.  The  time 
between  bursts  varied  with  an  overall  time  limit  of  90  seconds  per  location  (this  limited 
the  number  of  bursts  for  some  locations  to  lower  than  5,120).  A  typical  coincident  data 
rate  was  between  50  and  500  data  points  per  second.  This  is  too  low  for  temporal  based 
analysis  such  as  standard  spectral  analysis  or  auto  correlation  analysis;  however  this 
information  was  considered  as  random  data  and  valid  for  mean  and  standard  deviation 
calculations.  Higher  data  rates  could  be  obtained  by  increasing  the  number  density  of  the 
seed  particles,  though,  increasing  the  amount  of  water  added  to  the  tvmnel  could  result  in 
excessively  large  particles  (through  agglomeration).  Thus,  it  was  decided  to  limit  the 
amoimt  of  spray  atomized  water  and  accept  the  low  data  rate  to  assure  a  reasonable 
particle  size  for  the  LDV  measurements. 

Comparison  of  the  LDV  data  with  expected  velocity  values  and  the  turbulence 
level  in  the  freestream  and  incoming  boundary  layers  (discussed  in  Section  5.3.1) 
indicates  that  the  velocity  data  accurately  represents  the  flow  field.  Nonetheless,  several 
possible  biasing  factors  must  be  acknowledged.  First,  the  primary  flow  alone  was  seeded 
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with  particles  capable  of  scattering  light  to  be  recorded  by  the  LDV  system.  Therefore, 
no  velocity  data  was  acquired  in  the  helium  jet  prior  to  the  location  at  which  air  with 
condensed  moisture  is  entrained  into  the  jet  (the  moisture  in  the  air  of  the  recirculation 
zone  is  in  vapor  form  and  does  not  produce  appreciable  scattering).  Second,  since  the 
helium  in  the  jet  has  a  different  index  of  refraction  than  the  primary  flow  air,  any 
measurement  taken  when  one  or  more  laser  beams  has  passed  through  the  jet  is  liable  to 
experience  some  beam  steering,  although  slight,  due  to  a  change  in  the  fringe  spacing. 
Likewise,  the  index  of  refraction  changes  across  a  shock  wave  and  measurements  taken 
when  one  or  more  laser  beams  pass  through  the  shock  may  also  be  biased  due  to  a  change 
in  fringe  spacing.  Other  possible  sources  of  error  include:  spatial  averaging  over  the 
entire  measurement  volume,  bias  toward  higher  velocities,  coimter  resolution,  particle 
lag,  fringe  biasing,  and  signal  biasing.  Precautions  were  taken  to  reduce  the  potential  for 
fringe  biasing  error  by  using  the  optimal  fringe  orientation  of  ±  45°  to  the  mean  flow 
velocity  for  the  two-component  system,  a  40  MHz  frequency  shift  of  one  of  the  beams 
forming  the  measurement  volume  to  distinguish  directionality,  using  seed  particles  small 
enough  to  follow  the  turbulent  fluctuations,  and  taking  an  adequate  sample  size  to 
minimize  statistical  uncertainty.  Nonetheless,  as  discussed  above,  the  experimental  LDV 
data  closely  matches  the  calculated  and  predicted  values,  so  that  the  cited  sources  of  error 
appear  to  have  had  minimal  effects. 
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Figure  4.1.  Schematic  of  schlieren  photography  system. 


Excimer  laser 


Figure  4.2.  Schematic  of  flow  visualization  system  to  obtain  Rayleigh/Mie  scattering 
images  of  the  streamwise  (X,Y)  plane  of  view. 
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Figure  4.3.  Schematic  of  flow  visualization  system  to  obtain  Rayleigh/Mie  scattering  images  of  the  face-on  (Y,Z)  plane  of  view. 


Figure  4.4.  Schematic  of  flow  visualization  system  to  obtain  Rayleigh/Mie  scattering 
images  of  the  plan  (X,Z)  plane  of  view. 
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Figure  4.5.  Schematic  of  acetone  Planar  Laser  Induced  Fluorescence  (PLDF)  imaging 
system  to  obtain  PLIF  images  of  the  streamwise  (X,Y)  plane  of  view. 
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Figure  4.6.  Schematic  of  two-beam  Laser  Doppler  Velocimetry  (LDV)  measurement  volume  (from  TSI  Manual  [1992]). 


CHAPTERS 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 

In  the  flow  under  investigation,  the  injected  jet  of  helium  and  the  mixing  layers 
formed  between  the  primary  flow  and  the  recirculating  flow  at  the  base  of  the  strut 
undergo  complex  interactions.  Modem  computational  techniques  and  advanced 
experimental  methods  can  be  used  to  explore  details  of  turbulent  phenomena  in  simple 
flows,  but  these  methods  render  only  limited  results  when  applied  to  complex  three- 
dimensional  flows.  It  is  therefore  particularly  difficult  to  gain  a  solid  understanding  of  the 
underlying  physics  of  complex  three-dimensional  flows,  such  as  the  one  studied  here. 

Direct  applicability  of  data  obtained  in  basic  flows  to  the  present  flow  is  restricted 
to  the  boundary  layer  on  the  strut  before  the  complex  three-dimensional  effects  are 
encoimtered  and  to  the  base  flow  without  helium  injection.  Knowledge  obtained  in 
simple  flows,  such  as  planar  shear  layers  and  free  jets,  is  of  some  limited  use  in  the 
present  investigation.  The  dynamics  of  planar  shear  layers  apply  to  the  dynamics  of  the 
two  mixing  layers  formed  between  the  primary  freestream  expanding  around  the  base  of 
the  strut  and  the  recirculation  zone  before  the  mixing  layers  encounter  the  severe  pressure 
gradient  in  the  recompression  region.  The  jet  dynamics  involved  in  free  jet  injection  are 
used  to  explain  the  basic  characteristics  of  the  different  nozzle  geometries  and  as  a 
comparison  to  demonstrate  the  modification  of  jet  dynamics  caused  by  the  mixing  layers 
from  the  strut.  Since  traditional  measurements  of  the  jet  spread  for  axisymmetric  jets 
does  permit  a  full  description  (and  can  even  be  deceiving)  when  applied  to  asymmetric 
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jets,  new  (novel)  techniques  were  developed  to  compare  jet  spread  and  mixing  resulting 
from  injection  through  the  different  nozzle  configurations  in  this  study. 

This  chapter  is  presented  in  three  sections.  The  first  section  discusses  the  features 
of  the  flow  without  injection.  The  second  section  presents  visualization  of  the  flow  field 
resulting  from  helium  injection  using  the  circular  (C),  circular-with-tabs  (Tl,  T2,  T3), 
and  elliptic  (El,  E2,  E3)  nozzles  in  all  the  different  orientations  considered  in  the  present 
study,  (refer  to  Figure  3.7).  The  third  section  presents  quantitative  velocity-based  data  of 
the  flow  field  without  helium  injection  and  with  helium  injection  from  the  circular  (C), 
circular-with-tabs  (Tl),  and  elliptic  (El)  nozzles.  This  second  and  third  sections 
highlight  the  jet  dynamics  and  mixing  performance  resulting  from  helium  injection  using 
the  different  nozzle  configurations. 

5.1  Flow  field  components  without  injection 

The  flow  field  without  injection  was  examined  to  establish  a  reference  case 
against  which  the  flow  field  with  helium  injection  from  the  various  nozzle  geometries 
could  be  evaluated.  Schlieren  photography  provided  preliminary  views  of  the  flow  field 
which  were  used  to  check  for  unexpected  flow  disturbances  and  to  identify  the  domain  of 
interest  in  the  flow  field.  Figure  5.1  shows  a  schlieren  photograph  of  the  flow  field 
without  injection  (see  Table  2  and  Appendix  A  for  operating  conditions).  The  flow  is 
from  left  to  right  with  X/h  =  0  corresponding  to  the  end  of  the  strut;  h  is  the  thickness  of 
the  strut.  This  image  covers  the  12.7  cm  streamwise  length  of  flow  considered  in  this 
study.  The  vertical  lines  located  at  X/h  =  1,  2 , 4,  6.8  and  10  indicate  the  locations  of  the 
cross-sectional  face-on  views  for  the  Rayleigh/Mie  scattering  images  to  be  presented  in 
Section  5.2. 

The  black  to  white  color  gradients  on  the  schlieren  photograph  in  Figure  5.1 
represent  the  density  gradients  in  the  flow  field  without  injection.  The  knife  edge  at  the 
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focal  point  of  the  second  mirror  is  in  a  horizontal  position,  so  the  system  is  sensitive  to 
density  gradients  in  the  transverse  (Y)  direction.  The  density  gradients  highlight  the  main 
features  of  the  flow  field:  boundary  layers  on  the  top  and  bottom  surface  of  the  strut, 
expansion  waves  originating  at  the  base  of  the  strut,  recompression  shock  waves,  and 
mixing  layers  formed  at  the  base  of  the  strut  between  the  primary  flow  and  the 
recirculating  flow.  Since  the  time  exposure  of  the  schlieren  photograph  (1/400  s)  is  long 
as  compared  to  the  time  scale  of  motion  of  the  flow,  the  density  gradient  effects  are 
integrated  over  time  and  over  line  of  sight. 

The  boundary  layer  appears  as  a  region  of  high  density  gradient  on  the  surface  of 
the  strut  and  is  more  visible  on  the  top  surface  (bright  region)  than  on  the  bottom  surface. 
It  should  be  noted  that  the  density  gradient  toward  the  edge  of  the  boundary  layer  is  very 
small,  so  that  the  edge  is  difficult  to  locate. 

The  Mach  2  freestream,  including  the  boundary  layers,  expands  around  the  base 
of  the  strut  and  encircles  a  recirculation  zone.  In  Figure  5.1,  the  expansion  fans  appear  as 
a  bright  band  (top)  and  a  dark  band  (bottom)  emanating  from  the  base  of  the  strut  and 
angled  away  from  the  centerline  of  the  strut  (X-axis).  The  photograph  shows  an 
upstream  angle  {ml)  of  30°  and  a  downstream  angle  {m2)  of  24°  for  the  top  and  bottom 
expansion  fans  (see  Figure  5.2  for  an  illustration  of  terminology).  These  angles  were 
measured  from  Figure  5.1  at  about  X/h  =  4.2,  outside  the  influence  of  the  mixing  layers 
formed  at  the  base  of  the  strut.  They  agree,  to  within  a  few  degrees,  with  the  value 
calculated  from  a  simple  Prandtl-Meyer  expansion  wave  model,  assuming  an  1 8  °  slipline 
between  the  primary  flow  and  the  recirculation  flow  at  the  base  of  the  strut.  The  assumed 
slipline  angle  of  18°  was  approximated  form  a  Rayleigh/Mie  scattering  image  of  the 
flowfield  without  injection  (discussed  in  Section  5.2.1)  and  computed  from  LDV  data 
(discussed  in  Section  5.3.2. 1). 
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The  recirculation  zone  at  the  base  of  the  strut  is  not  well  defined  on  the  schlieren 
photograph.  Rayleigh/Mie  images  capturing  the  recirculation  zone  will  be  presented  in 
Section  5.2. 

Two  mixing  layers,  one  on  each  side  of  the  strut,  are  formed  between  the  primary 
flow  and  the  recirculating  flow.  These  two  mixing  layers  merge  downstream  at  a 
location  which  is  referred  to  as  the  recompression  region.  The  region  occupied  by  the 
mixing  layers  is  referred  to  as  the  wake  of  the  strut.  It  is  evident  in  Figure  5.1  that  the 
wake  shows  virtually  no  spread  downstream. 

Recompression  shock  waves  are  formed  from  the  coalescing  of  compression 
waves  in  the  region  where  the  two  mixing  layers  meet.  The  density  increases  through  the 
recompression  shock  waves  while  it  decreases  in  the  expansion  waves,  causing  the  shock 
wave  to  appear  of  opposite  intensity  (i.e.,  dark  vs.  bright)  to  the  adjacent  expansion  fan 
on  the  schlieren  photograph.  Two  weak  shock  waves  appear  to  be  generated  in  the  top 
air  stream  upstream  of  the  base  of  the  strut,  while  one  appears  in  the  bottom  stream. 
These  shock  waves  are  reflected  from  the  top  and  bottom  walls  of  the  tunnel  and  intersect 
the  mixing  region  at  the  very  end  of  the  test  domain  in  this  study  (X/h  =  10). 

The  following  two  sections  describe  quantitative  and  qualitative  characteristics  of 
these  components  in  the  flow  field  with  emphasis  on  the  mixing  region  behind  the  base  of 
the  strut  with  and  without  helium  injection. 

5.2  Flow  visualization 

Each  flow  visualization  image  provides  qualitative  information  about  an  entire 
plane  of  the  flow.  The  Rayleigh/Mie  scattering  images  are  created  by  passing  a  laser 
sheet  light  through  the  test  section  and  capturing  the  scattered  light  using  an  ICCD 
camera  (see  Section  4.3.2,  Figure  4.5).  The  light  is  scattered  off  ice  crystals  in  the 
primary  freestream  air  flow.  Moisture,  naturally  present  in  the  supply  air,  condenses  and 
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freezes  eis  the  air  expands  to  Mach  1.92  in  the  supersonic  nozzle.  The  resulting  ice 
crystals,  suspended  in  the  freestream  air,  effectively  scatter  laser  light.  Thus,  the  free 
stream  appears  as  bright  regions  on  the  Rayleigh/Mie  image.  On  the  contrary,  the  helium 
jet  is  unseeded  and  thus  the  mixing  interface  between  the  jet  and  the  primary  freestream 
flow  appears  on  the  Rayleigh/Mie  images  as  a  transition  from  marked  fluid  (bright 
regions)  to  unmarked  fluid  (dark  regions).  This  technique  of  seeding  only  one  of  the  two 
mixing  fluids  is  referred  to  as  the  "scalar  transport"  technique  [Clemens  and  Mungal 
1991].  In  addition  to  highlighting  the  mixing  interface,  the  variation  in  number  density  of 
ice  crystals  in  the  boundary  layer  and  across  the  shock  waves  in  the  freestream  air 
highlights  the  boundary  layer  and  shock  waves. 

Rayleigh/Mie  scattering  images  were  taken  in  three  orthogonal  planes  of  view: 
the  stream  wise  (X,Y)  plane,  the  face-on  (Y,Z)  plane,  and  the  plan  (X,Z)  plane.  The 
combination  of  these  three  planes  of  view  provide  a  three-dimensional  representation  of 
the  flow  field.  This  is  important  in  the  injection  cases  since  injecting  helium  fi'om  the 
base  of  the  strut  creates  a  highly  three-dimensional  flow  field.  The  face-on  (Y,Z)  plane 
of  view  is  located  at  the  same  streamwise  (X/h)  stations  as  the  LDV  profiles.  This  allows 
for  direct  comparison  between  velocity  based  profiles  and  structures  appearing  in  the 
flow  field. 

A  series  of  20  instantaneous  images  was  recorded  for  each  selected  plane  of  view. 
Both  the  streamwise  and  the  spanwise  images  represent  a  4.32-by-2.79-cm  field  of  view, 
with  the  flow  from  left  to  right  while  the  face-on  view  has  a  3.30-by-2.03-cm  field  of 
view  with  the  flow  direction  out  of  the  plane  of  the  page.  These  dimensions  were  imaged 
onto  the  578-by-384-pixel  array  of  the  camera,  giving  a  planar  scale  of  about  75  pm  per 
pixel  for  the  streamwise  and  spanwise  planes  as  opposed  to  53  pm  per  pixel  for  the  face- 

on  view  plane.  However,  the  overall  resolution  of  the  image  is  limited  by  the  laser  sheet 
thickness  of  about  300  pm. 
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Rayleigh/Mie  images  in  the  Figures  between  5.3  to  5.23  highlight  the  flow 
features  with  and  without  helium  injection.  The  images  of  the  flow  field  without 
injection  serve  as  a  reference  case,  to  which  the  helium  injection  cases  can  be  compared 
to.  The  images  of  the  flow  field  with  injection  provide  information  on  the  dynamics  and 
mixing  characteristics  of  the  jets  issued  from  each  of  the  nozzle  geometries  investigated 
in  the  present  study  (refer  to  Figure  3.7). 

A  circular  (C)  nozzle  is  considered  as  the  baseline  case  for  helium  injection  from 
the  base  of  the  strut.  A  circular- with-tabs  nozzle  in  various  orientations  (Tl,  T2,  T3)  and 
an  elliptic  nozzle  in  similar  orientations  (El,  E2,  E3)  are  the  asymmetric  geometries  used 
to  explore  the  effect  of  the  nozzle  geometry  on  mixing  of  the  helium  jet  with  the 
freestream  air.  The  primary  freestream  Mach  number  for  the  no  injection  and  the 
injection  cases  is  1.92.  For  the  injection  cases,  the  helium  exits  the  converging  nozzles  at 
sonic  velocity,  and  static  pressure  equal  to  four  times  the  static  pressure  of  the  freestream 
air.  This  static  pressure  ratio  is  denoted  by  (T*).  Thus  T  =  4  for  all  the  Rayleigh/Mie 
images  presented  in  the  present  work  (see  Table  2  and  Appendices  A  and  B  for  operating 
conditions).  The  'F  =  4  ratio  was  chosen  to  obtain  a  highly  underexpanded  jet.  This 
closely  mimics  operational  fuel  injection  in  scramjets. 

5.2.1  Flow  field  components 

Figure  5.3  shows  instantaneous  Rayleigh/Mie  images  in  the  streamwise  (X,Y) 
plane  for  the  no  injection  (N)  case  and  the  helium  injection  case  using  a  circular  (C) 
nozzle.  The  plane  of  view  for  these  figures  is  located  on  the  centerline  of  the  tunnel 
(coincident  with  the  centerline  of  the  jet  for  the  injection  case)  with  X/h  =  0 
corresponding  to  the  end  of  the  strut;  the  flow  direction  is  from  left  to  right.  As  seen  by 
the  dark  regions  on  the  right  and  left  sides  of  the  images,  the  laser  sheet  of  light  did  not 
span  the  entire  width  of  the  image  field  of  view.  Also,  since  the  sheet  of  light  propagates 


89 


from  top  to  bottom,  the  strut  (which  appears  as  the  dark  rectangular  shape  at  the  left  side 
of  the  image)  blocks  the  laser  light  from  reaching  the  flow  field  under  the  strut.  This  is 
the  reason  for  the  absence  of  light  under  the  strut. 

Boundary  Laver 

The  boundary  layer  appears  as  a  slightly  brighter  region  on  the  top  surface  of  the 
strut.  Since  these  images  are  instantaneous,  they  capture  the  rough,  wavy  structures  of 
the  turbulent  boundary  layer.  Although  it  is  possible  that  the  addition  of  enough  helium 
at  high  pressure  could  transform  the  favorable  pressure  gradient  between  the  freestream 
primary  flow  and  the  region  behind  the  base  of  the  strut  into  an  adverse  pressure  gradient 
large  enough  to  cause  separation  upstream  of  the  shoulder  of  the  strut  base.  The  presence 
of  the  helium  jet  in  this  study  does  not  appear  to  have  caused  the  boundary  layer  to 
separate  from  the  surface  of  the  strut  upstream  of  the  shoulder  (Figure  5.3). 

The  boundary  layer  on  the  surface  of  the  strut,  by  definition,  stops  at  the  end  of 
the  strut.  However,  the  structures  in  the  boundary  layer  propagate  downstream  and  are 
labeled  as  "boundary  layer  remnants"  in  Figure  5.3.  These  structures  grow  as  they  pass 
through  the  expansion  waves  at  the  base  of  the  strut.  It  is  possible  that  this  growth  is 
proportional  to  the  amount  of  expansion  through  the  expansion  waves  over  the  edge  of 
the  strut  in  a  manner  similar  to  that  discussed  by  Amette  et  al.  [1993a]  in  his  analysis  of 
the  effects  of  expansion  on  compressible  bovmdary  layers.  Amette  et  al.  observed  the 
presence  of  well-defined  turbulent  structures  of  a  very  large  streamwise,  and  limited 
spanwise,  extent  in  the  boundary  layer  of  a  Mach  3  flow.  The  large  stmctures  increased 
in  scale  across  a  7°  and  14'^  central  expansion  and  a  T  and  14?  gradual  expansion  while 
the  small  scales  appeared  to  be  quenched  during  expansion. 

Recirculation  Zone 

As  the  incoming  flow  expands  over  the  edge  of  the  base,  fluid  is  "trapped"  in  the 
recirculating  region  behind  the  base  of  the  stmt.  Fresh  fluid  feeds  into  this  region  from 
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the  recompression  region,  while  part  of  the  recirculating  flow  provides  entrainment  of  the 
mixing  layer.  The  region  behind  the  base  of  the  strut  is  referred  to  as  the  recirculation 
zone  and  contains  regions  both  positive  and  negative  streamwise  velocities. 

The  recirculation  zone  in  the  Rayleigh/Mie  images  appears  as  the  dark  triangular 
region  behind  the  base  of  the  strut  in  the  flowfield  without  helium  injection,  as  illustrated 
by  the  no  injection  (N)  case  in  Figure  5.3.  The  static  temperature  of  the  recirculation 
zone  is  approximately  equal  to  the  stagnation  temperature  (300  K).  This  elevated 
temperature  (300  K  compared  to  the  freestream  static  temperature  of  167  K)  drives  the 
ice  crystals  formed  in  the  freestream  back  into  the  vapor  state.  This  destruction  of  the 
scattering  sites  is  why  the  recirculation  zone  appears  dark  in  the  Rayleigh/Mie  image  of 
the  no  injection  (N)  case. 

For  the  injection  cases,  the  dark  region  at  the  base  of  the  strut  in  the  Rayleigh/Mie 
image  is  largely  a  result  of  the  presence  of  helium.  However,  as  cited  previously  in 
Section  4.2.2,  the  ice  particles  present  in  air  captured  in  the  recirculation  zone  are 
vaporized,  thus  the  air  in  the  recirculation  zone  also  appears  dark  in  the  Rayleigh/Mie 
scattering  images.  Because  of  the  similar  appearance  of  air  and  helium  in  the 
recirculation  zone,  the  Rayleigh/Mie  scattering  technique  cannot  be  used  to  study  the 
detailed  evolution  of  the  helium  jet  in  the  recirculation  zone.  This  ambiguity  is  confined 
to  the  recirculation  zone.  Further  downstream,  the  evaporated  water  in  the  recirculating 
air  recondenses  as  it  mixes  with  freestream  air  downstream. 

Jet  Structure 

To  see  the  helium  jet  structure  in  the  recirculation  zone,  two  separate  techniques 
were  employed  in  which  effectiveness  of  the  flow  marker  was  not  destroyed  by  the 
elevated  temperature  behind  the  base  of  the  strut.  The  first  technique  was  acetone  planar 
laser-induced  fluorescence  (PLIF).  Acetone  was  added  to  the  helium  reservoir  that  fed 
the  jet  flow.  A  Nd:YAG  laser,  operated  at  X  =  266  nm,  was  used  with  a  series  of  lenses 
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and  prisms  to  form  a  sheet  of  laser  light  (Figure  4.5).  The  laser  sheet  was  passed  through 
the  test  section  to  illuminate  a  streamwise  "slice"  of  the  flow  field.  Figure  5.4  shows  the 
resulting  PLIF  images  for  the  helium  jet  injected  from  a  circular  (C)  nozzle  mounted  in 
the  base  of  the  strut  into  a  Mach  1.92  freestream  flow  at  jet-to-ffeestream  static  pressure 
ratios  ('P)  of  one,  two  and  four.  Although  the  *?  =  4  pressure  ratio  is  the  focus  of  this 
study,  T  =  1  and  2  are  shown  here  to  demonstrate  the  effects  of  varying  the  static 
pressure  ratio.  The  high  intensity  (bright)  regions  show  acetone  fluorescence,  and  reveal 
the  presence  of  acetone  vapor  suspended  in  the  helium  jet.  The  acetone  PLIF  images 
provide  a  qualitative  "picture"  of  the  number  density  field.  The  images  of  the 
underexpanded  jets  (4^  =  2,  4)  shows  the  presence  of  a  barrel  shock  and  a  Mach  disk. 
The  Mach  disks  for  T  =  2  and  4  appear  to  be  located  at  about  5  and  8  mm  downstream  of 
the  nozzle  exit  (i.e.,  X/dg  =  1.4  and  2.2  respectively).  The  acetone  PLIF  images  also 
show  the  presence  of  helium  in  the  recirculation  zone. 

As  the  4*  =  4  underexpanded  jet  exits  the  nozzle  at  sonic  speed,  it  expands  within 
the  bounds  of  the  barrel  shock  to  a  calculated  peak  Mach  number  of  about  4  [Chen  et  al. 
1 995]  before  passing  through  the  Mach  disk  and  becoming  subsonic  once  again  after 
which  the  jet  accelerates  to  a  high  subsonic  or  supersonic  velocity  as  it  mixes  with  the 
supersonic  freestream  air  (Figure  2.18).  The  underexpanded  jets  show  a  higher  initial  jet 
radius,  but  the  jets  appear  to  remain  more  collimated  than  the  4^  =  1  case.  The  4*  =  1  jet 
appears  to  be  much  more  intermittent,  suggesting  the  presence  of  higher-order  modes  of 
large-scale  structures.  Such  structures  would  likely  appear  further  downstream  for  the  4* 

=  2  and  4  cases  when  the  higher  pressure  effects  diminish.  This  implies  quicker  mixing 
for  the  4^  =  1  case.  However,  less  fuel  would  be  injected  (i.e.,  =  1/2  = 

1/4  in  this  case.  Thus,  injecting  fuel  at  T'  =  1  would  require  more  injection  ports 

at  the  base  of  the  strut  than  the  T'  =  4  case;  this  would  not  be  a  problem  if  space 
permitted. 
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In  addition  to  acetone  PLIF,  titanium  dioxide  (another  medium  that  retains  its 
effectiveness  as  a  marker  at  elevated  temperature)  was  suspended  in  an  air  jet  in  order  to 
observe  the  behavior  of  the  recirculation  zone  with  a  jet  emanating  from  the  elliptic  (El) 
and  the  circular-with-tabs  (Tl)  nozzles.  To  generate  a  flow  of  titanium  tetrachloride 
suspended  in  air,  air  was  passed  through  a  swirl  chamber  filled  with  titanium 
tetrachloride.  The  svdrl  chamber  consists  of  a  spiral  inlet  tube  extending  into  a  canister 
containing  titanium  tetrachloride  and  then  an  exit  port.  The  amount  of  titanium 
tetrachloride  added  to  the  jet  was  increased  by  increasing  the  pressure  (mass  flow  rate)  of 
the  air  entering  the  swirl  chamber.  When  a  low  mass  flow  rate  of  air  was  passed  through 
the  swirl  chamber  and  the  injection  nozzle,  a  light  mist  of  titanium  dioxide  appeared  in 
the  recirculation  zone.  When  a  higher  mass  flow  rate  of  air  was  passed  through  the  swirl 
chamber  and  injection  nozzle,  a  dense  opaque  fog  appeared  in  the  recirculation  zone, 
clearly  marking  its  boundary.  Both  mass  flow  rates  were  high  enough  to  maintain 
choked  conditions  at  the  nozzle  exit  and  thus  maintain  an  underexpanded  sonic  jet. 

WTien  the  tunnel  was  disassembled,  it  was  discovered  that  the  base  plate  of  the 
strut  was  coated  with  residual  titanium  tetrachloride.  The  residue  extended  from  the 
nozzle  exit  halfway  to  the  side  wall  on  both  spanwise  sides  of  the  nozzle.  This  suggests 
the  presence  of  counter-rotating  recirculation  cells  on  each  spanwise  side  of  the  nozzle, 
as  seen  in  supersonic  flow  over  a  rearward  facing  step  [Petrie  et  al.  1986],  and  in 
subsonic  flow  over  a  finite  strut  [Raffoul  1995].  Multiple  recirculation  cells  in  the 
spanwise  direction  behind  the  base  of  the  strut  would  support  organized  spanwise  motion 
of  the  recirculating  fluid  between  the  tunnel  side  walls.  The  sense  of  rotation  of  the 
circulating  fluid  in  these  cells  would  be  such  that  velocity  vectors  adjacent  to  the  helium 
jet  would  point  downstream  to  match  the  velocity  vector  of  the  helium  exiting  the  nozzle. 
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Expansion  Fans 


As  the  freestream  flow  expands  around  the  base  of  the  strut,  two-dimensional 
expansion  fans  emanate  from  the  top  and  bottom  edge  of  the  base  of  the  strut.  For  the  no 
injection  (N)  case,  a  slipline  exists  at  the  boundary  between  the  primary  flow  and  the 
recirculating  flow.  The  slipline  appears  as  the  separating  line  between  the  bright  region 
marking  the  freestream  and  the  dark  region  marking  the  recirculation  zone  in  the 
instantaneous  Rayleigh/Mie  scattering  images  of  the  no  injection  (N)  case  (refer  to  Figure 
5.3).  The  sliplines  enclosing  the  recirculating  flow  appear  to  be  at  an  angle  of 
approximately  18"=  to  the  X-axis  for  the  no  injection  (N)  case. 

The  stream  wise  Rayleigh/Mie  image  on  the  centerline  of  the  injector  nozzle  for 
helium  injected  from  the  circular  (C)  nozzle  (Figure  5.3)  illustrates  that  the  presence  of 
the  helium  jet  acts  to  separate  the  mixing  layers  formed  at  the  base  as  compared  to  the 
flow  field  without  injection.  This  suggests  that  the  mass  of  the  jet  fluid  acts  as  a  bluff 
body  extension  of  the  strut  as  discussed  by  Sullins  et  al.  [1982]. 

Up  until  this  point,  the  discussion  of  the  flow  visualization  results  has  focused  on 
the  differences  between  the  no  injection  (N)  and  the  baseline  helium  injection  cases  using 
the  circular  (C)  nozzle.  The  following  discussion  focuses  on  the  differences  created  by 
using  different  nozzle  geometries  for  the  helium  injector.  Figure  5.5  shows  schematics  of 
the  flow  components  present  with  helium  injection,  appearing  in  the  instantaneous 
Rayleigh/Mie  images  of  the  three  orthogonal  planes  of  view.  The  instantaneous  images 
shovm  in  this  publication  are  representative  of  the  group  of  20  instantaneous  images 
taken  at  each  station.  These  schematics  are  intended  as  a  reference  to  facilitate 
discussion  of  the  Rayleigh/Mie  scattering  images. 

The  illustration  in  Figure  5.5a  depicts  an  instantaneous  Rayleigh/Mie  scattering 
image  in  the  streamwise  (X,Y)  plane  of  view  located  on  the  centerline  of  the  injector 
nozzle.  The  flow  is  from  left  to  right  with  the  origin  of  the  (X,  Y)  coordinate  system 
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located  at  the  center  of  the  nozzle  exit.  This  Rayleigh/Mie  scattering  image  highlights 
the  shock  waves  and  the  fluid  previously  in  the  boundary  layer  (remnants  of  boundary 
layer)  surrounding  the  jet  and  recirculation  zone. 

The  illustration  in  Figure  5.5b  depicts  an  instantaneous  Rayleigh/Mie  scattering 
image  in  the  plan  (X,Z)  plane  of  view  located  on  centerline  of  the  injector  nozzle.  The 
flow  is  left  to  right  vidth  the  origin  of  the  (X,  Z)  coordinate  system  at  the  center  of  the 
nozzle  exit.  Helium  and  air  from  the  recirculation  zone  sputters  downstream  alongside 
the  jet  and  appears  on  the  images  as  dark  blobs  (pictured  as  open  spirals  on  the 
illustration).  As  previously  discussed,  warm  air  fi’om  the  recirculation  zone  appears  dark 
because  it  contains  moisture  in  a  vapor  state,  which  doesn't  scatter  appreciable  light  imtil 
it  mixes  with  cooler  air  and  condenses  downstream.  This  view  doesn't  show  the  shock 
waves  as  they  are  above  and  below  this  spanwise  plane  located  on  the  centerline  of  the 
tunnel. 

The  illustration  in  Figure  5.5c  depicts  the  instantaneous  Rayleigh/Mie  images 
taken  in  the  face-on  (Y,Z)  plane  of  view,  specifically  at  X/h  =  1 .  The  face-on  (Y,Z) 
planes  of  view  are  perpendicular  to  the  jet  flow,  with  the  flow  direction  being  out  of  the 
plane  of  the  page.  The  face-on  plane  of  view  is  actually  skewed  slightly  and  creates  an 
image  that  is  compressed  by  approximately  8%  in  the  spanwise  direction  as  described  in 
Section  4.2.3.  This  was  corrected  by  stretching  the  spanwise  dimension  of  the  original 
image  by  8%.  The  face-on  views  shows  the  three  dimensionality  of  the  "conical  shock 
waves,"  in  that  they  are  curved  around  the  jet.  These  "conical  shock  waves"  will  be 
discussed  in  this  section.  The  face-on  images  at  X/h  =  1  are  upstream  of  the  location 
where  the  nominal  two-dimensional  recompression  shock  waves  originate.  Thus,  the  two- 
dimensional  shock  waves  are  not  present  in  this  schematic  of  the  face-on  view  at  X/h  =  1 . 
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Average  images  are  also  presented  in  this  section.  The  average  images  represent 
the  mean  intensity  values  at  each  pixel  location  as  calculated  from  each  group  of  20 
instantaneous  images.  Average  images  were  generated  for  the  group  of  20  images  taken 
at  each  station  by  computing  the  average  intensity  values  for  each  pixel  in  the  578  by  384 
pixel  array  representing  the  image  field  of  view.  The  governing  equation  for  average 
intensity  is 

7u=-i  (/,.,)  5.1 

nk=v 


where  //y  is  the  instantaneous  intensity  of  the  pixel  located  in  row  i  and  column  j  of  the 
image  pixel  array,  and  n  is  the  total  number  of  samples  in  the  summation  set  {n  =  20  in 
this  study). 

Figures  5.6  and  5.7  show  the  instantaneous  and  average  Rayleigh/Mie  images  of 
the  streamwise  (X,Y)  plane  for  the  no  injection  (N)  case  and  the  seven  different  helium 
injection  cases  (T'  =  4)  with  various  nozzle  configurations  (C,  Tl,  T2,  T3,  El,  E2,  E3). 
The  plane  of  view  for  these  figures  is  located  on  the  centerline  of  the  tunnel  (coincident 
with  the  axis  of  the  nozzles)  with  X/h  =  0  corresponding  to  the  end  of  the  strut  and  the 
flow  direction  being  from  left  to  right.  The  field  of  view  is  4.32  cm  wide  and  2.79  cm 
high.  As  mentioned  previously,  the  dark  triangle  at  the  base  of  the  no  injection  (N)  case 
shows  warm  air  in  the  recirculation  zone  where  the  scattering  particles  are  vaporized,  and 
the  dark  regions  at  the  base  of  the  strut  for  the  helium  injection  case  show  predominantly 
helium,  void  of  scattering  particles,  and  also  contain  warm  air  from  the  freestream. 

Purple  plasma 

A  ghostly  looking  white  smudge  at  the  nozzle  exit  seen  most  clearly  in  the 
instantaneous  and  average  streamwise  Rayleigh/Mie  scattering  images  of  the  T2,  T3  and 
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E3  cases  was  caused  by  a  purple  plasma  formed  at  the  nozzle  exit  (Figures  5.6  and  5.7). 
The  plasma  appeared  several  times  throughout  the  experiments  for  all  jet-to-freestream 
static  pressure  ratios  (T  =  1,2,  and  4)  and  nozzle  configurations.  The  short  plume  of 
purple  plasma  intermittently  moved  from  one  side  of  the  jet  to  the  other.  Since  the 
plasma  acted  as  a  continues  light  source,  it  illuminated  the  ICCD  camera  pixel  array 
during  the  entire  time  the  camera  aperture  was  open  (the  gated  time),  whereas  the 
Rayleigh/Mie  scattering  only  illuminated  the  pixel  array  during  the  shorter  duration  of  the 
laser  pulse.  Thus,  the  longer  exposure  time  of  the  relatively  weak  plasma  illumination,  as 
compared  to  the  strong  Rayleigh/Mie  scattering,  was  enough  to  produce  the  ghostly 
looking  white  smudge  extending  from  the  exit  of  the  nozzle  to  about  X/h  =  1.  Since  the 
plasma  occurred  on  some  nights  and  not  others,  it  was  thought  to  be  related  to 
atmospheric  conditions.  Two  theories  of  causality  are:  1)  stripping  of  electrons  between 
the  air  and  the  helium,  and  2)  a  build  up  of  static  charge  between  the  windows  mounted 
in  the  side  walls  of  the  tunnel,  which  was  carried  to  the  helixim  jet  via  the  strut  spanning 
the  tunnel. 

Recompression  shock  waves 

The  recompression  shock  waves  appear  in  instantaneous  (Figures  5.6)  and  average 
(5.7)  Rayleigh/Mie  scattering  images  in  the  streamwise  (X,Y)  plane  of  view  as  the  dark 
lines  in  the  freestream  flow  which  diverge  downstreeim.  For  the  no  injection  (N)  case,  a 
two-dimensional  recompression  shock  wave  is  generated  at  the  location  where  the  mixing 
layers  formed  between  the  primary  flow  and  the  recirculating  flow  merge  (Figure  5.6). 
The  mixing  layers  appear  to  merge  at  a  streamwise  distance  of  approximately  X/h  =1.3; 
where  h  =  1 .27  cm  is  the  strut  thickness.  This  distance  is  the  streamwise  length  of  the 
recirculation  zone  outlined  in  Figure  5.3.  This  value  is  in  close  agreement  with  the  work 
of  Amatucci  et  al.  [1992],  in  which  the  recompression  region  occurred  at  approximately 
X/h  =  1.4  for  a  configuration  similar  to  this  study.  The  main  difference  between 


97 


Amatucci's  work  and  the  present  study  is  that  Amatucci  had  a  Mach  2.0  flow  on  top  of 
the  strut  and  a  Mach  2.5  flow  below,  whereas  the  present  work  employs  a  Mach  2.0  flow 
on  both  sides  of  the  strut. 

The  recompression  shock  waves  that  emanated  from  the  interaction  of  the  mixing 
layers  are  modified  when  helium  is  injected  from  the  base  of  the  strut.  Therefore,  the 
aforementioned  recompression  shock  wave  will  be  referred  to  as  the  two-dimensional 
recompression  shock  wave  in  the  no  injection  (N)  case,  and  as  the  nominally  two- 
dimensional  recompression  shock  wave  in  the  injection  cases  (C,  Tl,  T2,  T3,  El,  E2, 
E3).  When  helium  is  injected  from  the  base  of  the  strut,  additional  shock  waves  appear 
upstream  of  the  nominally  two-dimensional  recompression  shocks  waves.  These  shock 
waves  are  also  recompression  shock  waves.  They  result  from  the  intersection  of  the 
mixing  layers  formed  between  the  primary  flow  and  the  recirculating  flow,  and  the 
helium  jet  mixing  layer. 

Since  the  helium  jet  is  highly  underexpanded,  the  rapid  expansion  of  the  jet  at  the 
exit  of  the  nozzle  causes  the  mixing  layers  encompassing  the  jet  to  diverge  outward  from 
the  nozzle  exit,  which  results  in  the  interaction  with  the  nominally  two-dimensional 
mixing  layers.  Given  that  the  injector  nozzle  exit  is  circular  or  elliptic,  it  is  not  surprising 
that  the  recompression  shock  wave  formed  by  the  interaction  of  the  jet  with  the  nominally 
two-dimensional  mixing  layers  is  itself  not  two-dimensional.  They  appear  very  much 
like  longitudinal  segments  of  a  cone.  For  this  reason  and  for  the  sake  of  clarity,  these 
initial  recompression  shock  waves  resulting  from  the  jet/mixing  layer  interaction  will 
hereafter  be  referred  to  as  "conical  shock  waves." 

The  three-dimensional  conical  shock  waves  coalesced  with  the  nominally  two- 
dimensional  recompression  shock  waves  between  X/h  =1.5  and  3.0,  depending  on 
which  injection  nozzle  configuration  was  used.  The  resulting  recompression  shock  is 
reflected  off  the  top  and  bottom  walls  of  the  tunnel  and  was  calculated  to  intersect  the  jet 
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at  approximately  X/h  =  21.  This  is  well  downstream  of  the  region  examined  in  this 
study,  which  ends  at  X/h  =10. 

The  fact  that  the  recompression  shock  waves  in  the  average  Rayleigh/Mie  images 
(Figure  5.7)  appear  to  be  the  same  thickness  as  in  the  instantaneous  images  (Figure  5.6) 
indicates  that  these  shock  waves  are  stationary.  If  the  shock  waves  fluctuated 
significantly,  they  would  appear  blurred  in  the  average  image  as  compared  to  the 
instantaneous  images;  this  is  not  the  case.  The  increase  in  pressure  and  corresponding 
increase  in  number  density  across  the  shock  waves  causes  the  flow  to  appear  brighter 
downstream  of  the  shock  waves.  Evidently,  the  increase  in  temperature  across  the  shock 
waves  is  not  enough  to  destroy  the  ice  particles  and  to  counteract  the  increase  in  number 
density  due  to  the  pressure  rise. 

Figure  5.8  shows  the  instantaneous  Rayleigh/Mie  images  of  the  streamwise  (X,Y) 
plane  of  view  for  the  no  injection  (N)  case  and  the  injection  cases.  The  plane  of  view  is 
located  on  the  centerline  of  the  tunnel  (Z=0)  and  just  downstream  of  those  images  shown 
in  Figure  5.6.  The  flow  direction  is  from  left  to  right.  The  recompression  shock  waved 
formed  from  the  coalescing  of  the  nominally  two-dimensional  and  conical  shock  waves 
appears  in  the  upper  and/or  lower  left  comer  of  these  images.  These  planar  images  do 
not  provide  a  complete  representation  of  the  three-dimensional  jets,  especially  since  they 
have  different  cross-sectional  shapes.  However,  the  transverse  span  of  relatively 
unmixed  helium  shown  in  Figure  5.8  suggests  that  the  helium  jets  in  the  C,  T3  and  E3 
cases  mix  the  least  with  the  freestream  air. 

Since  the  camera  was  at  a  30°  angle  to  (rather  than  aligned  with)  the  X-axis  for  the 
face-on  plane  of  view,  the  horizontal  scale  is  foreshortened  relative  to  the  vertical  scale 
by  about  8%  in  the  original  images.  Figure  5.9  shows  the  original  and  corrected  scale 
and  Figure  5.10  shows  an  example  of  an  original  and  corrected  image.  All  subsequent 
face-on  images  shown  in  the  figures  are  corrected  face-on  images. 
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Figures  5.11  and  5.12  show  the  instantaneous  and  average  Rayleigh/Mie  images 
of  the  face-on  plane  of  view  located  at  X/h  =  1.  The  field  of  view  is  3.30  cm  wide  and 
2.03  cm  high.  All  face-on  images  presented  have  been  corrected  for  the  8%  spanwise 
compression  due  to  the  view  angle  of  the  camera.  The  flow  direction  is  out  of  the  plane 
of  the  page.  The  dark  horizontal  stripe  spanning  the  base  of  the  strut  is  warm  air  present 
in  the  recirculation  zone.  For  the  injection  cases,  the  darkest  region  in  the  center  of  the 
image  that  extends  slightly  above  and  below  the  recirculation  zone  (Figure  5.11)  is  the 
helium  jet.  The  distinctly  different  shapes  of  the  jets  emanating  from  the  various  nozzle 
geometries  are  clearly  seen  in  the  face-on  Rayleigh/Mie  scattering  images.  The 
evaporation  of  the  ice  particles  (used  to  mark  the  primary  air  flow)  in  the  recirculation 
zone  makes  identifying  the  interface  between  the  helium  and  the  air  in  the  recirculation 
zone  difficult.  The  conical  shock  waves  appear  as  the  arc  above  and  below  the  strut, 
enclosing  a  bright  region,  best  seen  on  the  average  Rayleigh/Mie  images  of  the  face-on 
plane  of  view  located  at  X/h  =  1  (Figure  5.12).  As  discussed  for  the  streamwise  images, 
the  fact  that  the  conical  shock  waves  are  most  distinct  on  the  average  images  signifies 
that  they  are  stationary  shock  waves.  They  are  most  pronounced  (largest  curvature)  for 
the  T3  and  E3  cases  and  barely  noticeable  for  the  T1  and  El  cases.  The  strength  of  the 
shock  wave  indicates  the  extent  to  which  jet  spread  in  the  transverse  direction  disturbs  the 
nominally  two-dimensional  mixing  layers. 

The  conical  shock  waves  are  present,  but  less  distinct  on  the  instantaneous  and 
average  images  at  X/h  =  2  shown  in  Figures  5.13  and  5.14.  These  images  capture  the 
developing  region  of  the  nominally  two-dimensional  recompression  shock  as  well  as  the 
conical  shock  waves.  A  series  of  weak  nominally  two-dimensional  shock  waves  appear 
as  series  of  horizontal  dark  lines  spanning  the  image  slightly  above  and  below  the  jet 
(best  seen  in  the  E2  case  of  Figure  5.13);  these  waves  coalesce  to  form  a  single  stronger 
recompression  shock  wave.  The  dark  region  in  the  center  of  the  image  represents  the 
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helium  jet  and  the  dark  strip  spanwise  across  the  image  represents  the  fluid  from  the 
recirculation  zone  propagating  downstream.  In  comparing  the  jet  cross-sectional  view  in 
the  Rayleigh/Mie  face-on  images  at  X/h  =  1  and  2,  it  is  evident  that  the  jets  have  spread 
slightly  and  the  evaporated  water  in  the  warm  air  from  the  recirculating  flow  has  begun  to 
recondense  as  it  mixes  with  the  cooler  air  in  the  freestream.  The  bright  region 
sandwiching  the  jet  is  a  consequence  of  the  primary  flow  having  experienced  a  pressure 
increase  (and  corresponding  number  density  increase)  as  it  passed  through  the  nominally 
two-dimensional  recompression  shock  waves.  This  intensity  increase  was  likewise 
shown  in  the  streamAvise  images  (Figures  5.6  and  5.7).  The  conical  shock  waves  merge 
with  the  nominally  two-dimensional  shock  waves  and  travel  outside  the  field  of  view 
before  the  next  streamwise  station  at  X/h  =  4.  The  instantaneous  and  average 
Rayleigh/Mie  images  of  the  face-on  (Y,Z)  plane  of  view  for  this  station  are  given  in 
Figures  5.15  and  5.16.  The  instantaneous  and  average  face-on  Rayleigh/Mie  images  for 
stations  X/h  =  6.8  and  10  are  given  in  Figures  5.17  to  5.20.  The  face-on  Rayleigh/Mie 
images  clearly  show  that  the  jet  shape,  most  distinct  in  at  X/h  =  2  and  4,  and  the  mixing 
of  the  jet  with  the  freestream  air,  most  noticeable  further  downstream  at  X/h  =  6.8  and  10, 
are  different  for  the  different  nozzle  geometries.  The  Rayleigh/Mie  scattering  face-on 
plane  of  view  is  most  descriptive  of  the  cross-sectional  shape  of  the  jet  and  will  be  used 
extensively  in  analysis  of  the  jet  development. 

5.2.2  Jet  dynamics  governing  jet  shape 

For  the  most  part,  the  regions  of  influence  of  the  mixing  layer  surrounding  the  jet 
and  the  mixing  layers  from  the  base  of  the  strut  overlap.  Therefore,  the  data  in  these 
regions  caimot  be  directly  compared  to  data  acquired  in  simple  free  jet  flows  or  shear 
layer  flows,  but  can  be  evaluated  for  similar  trends.  Identifying  the  similarities  and 
differences  between  the  results  of  the  present  study  (concerning  base  injection  with 
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different  nozzle  geometries)  and  the  results  from  other  studies  (concerning  free  jets  with 
different  nozzle  geometries)  should  give  insight  into  the  mechanisms  at  work  in  the 
present  flow  field  and  their  relative  importance.  The  flow  dynamics  for  each  of  the  nozzle 
configurations  (C,  Tl,  T2,  T3,  El,  E2,  E3)  will  be  discussed  in  this  section  using 
instantaneous  and  average  Rayleigh/Mie  scattering  images.  The  instantaneous  images 
show  an  array  of  structures  of  different  sizes  at  the  interface  between  the  jet  and  the 
primary  flow.  The  average  images  exemplify  the  stationary  structures  since  the 
nonstationary  structures  are  "filtered-out"  in  the  image  averaging  process. 

The  face-on  images  show  the  jet  shape  most  clearly  as  it  develops  downstream. 
The  jet  shapes  are  distinct  for  the  face-on  images  at  X/h  =  1,  2  and  4,  but  lose  their  form 
as  they  travel  downstream  to  the  point  that  they  are  amorphous  at  X/h  =  10.  Therefore, 
the  jet  shapes  will  be  described  primarily  with  reference  to  the  face-on  instantaneous  and 
average  images  at  X/h  ==1,2  and  4. 

5.2.2.1  Circular  nozzle  configuration  (C) 

Since  the  air  in  the  recirculation  zone  behind  the  strut  is  of  relatively  low  velocity 
and  at  a  lower  pressure  as  compared  to  the  helium  at  the  injector  nozzle  exit,  the  injected 
jet  is  expected  to  behave  much  like  an  underexpanded  free  jet  until  it  interacts  with  the 
mixing  layers  formed  between  the  primary  flow  and  the  recirculating  flow  at  the  base  of 
the  strut.  Upon  exiting  the  nozzle,  the  underexpanded  helium  jet  forms  a  barrel  shock 
and  a  Mach  disk.  The  barrel  shocks  for  a  circular  jet  at  jet-to-freestream  static  pressure 
ratios  of  'F  =  2  and  4  are  shown  in  the  acetone  PLIF  images  of  Figure  5.4.  The  high 
intensity  (bright)  regions  show  acetone  fluorescence  and  thus  mark  the  presence  of 
acetone  vapor  suspended  in  the  helium  exiting  the  injector  nozzle.  Acetone  PLIF  images 
were  taken  only  for  the  circular  nozzle  and  not  for  the  jets  emanating  from  the  circular- 
with-tabs  or  elliptic  nozzles.  The  geometry  of  the  shock  structure  would  most  certainly 


102 


be  different.  Once  the  jet  interacts  with  the  mixing  layers  the  flow  dynamics  become 
very  complex. 

It  is  obvious  from  the  face-on  images  of  the  jet  in  Figures  5.11  to  5.20  that  the 
mixing  layers  formed  between  the  primary  flow  and  the  recirculating  flow  at  the  base  of 
the  strut  restrict  jet  spread  in  the  transverse  direction  compared  to  free  jet  behavior.  This 
is  most  evident  for  the  case  of  the  circular  (C)  injector,  the  circular-with-horizontal-tabs 
injector  (T3),  and  the  elliptic  injector  nozzle  with  a  horizontal  major-axis  (E3)  as 
discussed  in  the  following  paragraphs. 

For  helium  injection  from  the  circular  (C)  nozzle,  an  oblong  jet  is  produced  where  a 
circular  jet  would  be  expected  in  a  free  jet  case  (see  Figures  5.11  to  5.16).  Using 
terminology  for  an  ellipse,  the  major-axis  of  the  oblong  jet  cross-section  is  a  little  over 
twice  the  minor-axis  dimension  at  X/h  =2.  The  structures  seen  at  the  circumference  of 
the  jet  in  the  instantaneous  images  are  "averaged  out,"  for  the  most  part,  on  the  average 
images  of  the  circular  (C)  nozzle  except  for  the  "lobe"  protruding  from  the  upper  right 
comer  of  the  jet  cross-section  on  the  images  at  X/h  =  1,  2,  and  4  (Figures  5.1 1  to  5.16). 
The  fact  that  the  lobe  appears  on  these  average  images  indicates  that  it  is  spatially 
stationary  and  propagates  downstream  without  significant  changes  until  between  X/h  =  4 
and  6.8.  This  stationary  anomaly  in  the  jet  shape  is  likely  a  result  of  a  perturbation  and 
Taylor-Gortler  type  instability,  inherent  in  underexpanded  jets,  which  creates  a  pair  of 
counter  rotating  vortices  with  the  sense  of  rotation  to  eject  jet  fluid  into  the  primary  flow 
[Amette  et  al.  1993b].  The  source  of  perturbation  could  be  as  minute  as  a  scratch  inside 
the  nozzle  as  discussed  by  Novopashin  and  Perepelkin  [1989]  and  King  et  al.  [1994].  By 
X/h  =  6.8  the  well  defined  large-scale  structures  have  disappeared  and  the  jet  achieves  a 
circular-type  cross-section  on  average  (Figure  5.18).  By  X/h  =10  only  a  small  amount  of 
core  fluid  is  left  unmixed  (Figure  5.19) 
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For  the  injector  with  horizontal  tabs  (T3)  and  the  elliptic  nozzle  (E3),  based  on  the 
dynamics  of  similar  free  jets,  growth  in  the  transverse  direction  is  expected  to  be  more 
pronoimced  than  the  growth  in  the  spanwise  direction.  Fignres  5.14  and  5.16  show  that 
this  is  not  the  case.  The  differences  between  jet  dynamics  of  injection  into  a  base  flow  as 
opposed  to  injection  into  ambient  air  or  a  coaxial  flow  for  circular-with-tabs  and  elliptic 
nozzles  will  be  discussed  in  the  following  two  sections. 

5.2.2.2  Circular-with-tabs  nozzle  configurations  (Tl,  T2,  T3) 

Previous  studies  have  shown  that  tabs  in  subsonic  and  supersonic  free  jets  generate  a 
pair  of  counter-rotating  vortices  which  engulf  ambient  fluid  [Samimy  et  al.  1993,  Reeder 
1994,  Reeder  and  Zaman  1994,  and  Zaman  et  al.  1994].  The  generation  of  these  vortices 
has  been  attributed  to  a  pressure  "hill"  upstream  of  the  tab  and  a  lower  pressure 
downstream  of  the  tab.  The  strength  of  the  pressure  gradient  was  seen  to  increase  with  an 
increase  in  jet-to-freestream  pressure  ratio  [Zaman  et  al.  1994].  As  a  result,  one  would 
expect  that  the  circular-wdth-tabs  nozzle  cases  (Tl,  T2,  T3)  would  generate  coimter- 
rotating  vortices  like  those  shown  in  Figure  2.16.  A  more  detailed  discussion  of  the 
evolution  of  jets  emanating  from  nozzles  with  tabs  is  contained  in  background  Section 
2.6.2. 

Indeed,  it  does  appear  that  these  vortices  are  initiated  at  the  exit  of  the  circular-with- 
tab  nozzles.  The  mixing  layers  formed  between  the  primary  flow  and  the  recirculating 
flow  at  the  base  of  the  strut  appear  to  either  reinforce  or  degrade  these  vortices  depending 
on  the  orientation  of  the  nozzle  with  respect  to  the  base  flow.  The  interaction  between 
the  mixing  layers  and  the  counter-rotating  vortices  in  the  jet  can  be  understood  by 
considering  the  free  jet  dynamics  for  injection  from  a  circular  nozzle  with  two  tabs, 
combined  with  the  dynamics  of  the  flow  around  the  base  of  the  strut  without  injection. 
For  a  free  jet  emanating  from  a  circular  (C)  nozzle  with  two  tabs,  the  jet  fluid  is  expected 
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to  flow  predominantly  in  the  streamwise  direction  along  the  axis  of  the  nozzle.  However, 
a  strong  secondary  flow  is  present  in  the  direction  radially  outward  along  a  line 
perpendicular  to  the  nozzle  diameter  which  connects  the  two  tabs,  as  illustrated  in  Figure 
2.15.  This  motion  relative  to  the  strut  for  the  three  different  orientations  of  the  circular- 
with-tabs  nozzle  (Tl,  T2,  T3)  is  shown  in  Figure  5.21.  For  the  T1  case,  this  motion  is 
directed  along  the  spanwise  axis  of  the  tunnel,  tangent  to  the  mixing  layers.  This  same 
secondary  motion  of  jet  fluid  for  the  T2  case  is  directed  at  an  angle  into  the  mixing  layers 
on  the  top  and  bottom  of  the  strut.  For  the  T3  case,  the  motion  is  directly  into  the  mixing 
layers,  i.e.,  normal  to  the  mixing  layers.  The  expected  flow  dynamics  and  vortices 
generated  by  each  tab  are  shown  in  Figures  2.15  and  2.16,  that  is,  until  interaction  with 
the  mixing  layers  occurs  at  the  base  of  the  strut. 

The  presence  of  the  mixing  layers  in  the  Tl  case  appears  to  reinforce  the  effect  of  the 
coimter-rotating  vortices  at  each  tab  to  engulf  freestream  air  and  quickly  bifurcates  the  jet 
into  two  adjacent  cores.  Bifurcation,  in  the  Tl  case  is  clearly  shown  in  the  face-on  views 
at  X/h  =1,2  and  4  (Figures  5.1 1  to  5.16).  The  bifurcation  is  so  pronounced  that  enough 
freestream  fluid  is  allowed  to  flow  between  the  cores  that  it  appears,  on  the 
Rayleigh/Mie  images,  almost  as  if  there  were  no  jet  on  the  ejector  nozzle  centerline.  This 
can  be  seen  by  consulting  the  streamwise  view  of  the  injector  nozzle  centerline  for  the  Tl 
case  presented  earlier,  which  looks  nearly  identical  to  the  no  injection  (N)  case  (Figure 
5.6  and  5.7).  The  development  of  this  bifurcated  jet  can  be  seen  on  the  plan  (X,Z)  view 
image  as  well.  Figures  5.22  and  5.23  show  the  instantaneous  and  average  plan  (X,Z) 
views  on  the  nozzle  centerline  (X-axis);  the  flow  is  from  left  to  right  and  X/h  =  0 
corresponds  to  the  origin  at  the  base  of  the  strut.  The  field  of  view  is  4.32  cm  wide  and 
2.79  cm  high.  Refer  to  Figures  4.2,  4.3,  and  4.4  for  laser  sheet  and  camera  orientations 
for  the  three  planes  of  view.  The  two  core  centers  become  distinct  at  about  X/h  =  1  and 
travel  in  relatively  parallel  paths  downstream. 
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For  the  T2  case,  it  is  evident  that  the  pair  of  streamwise  vortices  created  by  the  tabs 
is  distorted  by  the  mixing  layer  to  form  the  "S"  like  jet  contour  shown  in  Figure  5.13  and 
5.14.  Since  the  strength  of  the  conical  shock  depends  on  the  force  of  the  interaction 
between  the  jet  and  the  mixing  layers,  the  conical  shock  wave  can  be  used  to  identify 
where  the  most  significant  jet- wake  flow  impingement  occurs  around  the  jet  perimeter, 
and  the  relative  strengths  of  the  interactions.  The  conical  shock  for  the  T2  case  is 
lopsided  (Figure  5.12)  with  the  strongest  interaction  (largest  curvature)  being  at  the  point 
where  the  jet  secondary  motion  is  directed  as  illustrated  in  Figure  5.21.  Also,  fluid  from 
the  primary  flow  appears  to  be  engulfed  in  the  same  orientation  as  the  tab  locations.  This 
is  shown  by  the  bright  wisps  of  freestream  fluid  penetrating  the  T2  jet  region  and 
appearing  on  the  instantaneous  and  average  images  at  X/h  =  1  and  2.  (Figures  5.11  to 
5.14).  This  is  presumably  a  result  of  counter-rotating  pair  of  streamwise  vortices 
generated  by  each  tab. 

A  noticeably  larger  conical  recompression  shock  wave  is  generated  for  the  T3  case. 
The  conical  shock  wave  is  the  strongest  for  the  T3  case  since  the  strongest  radial 
component  of  jet  flow  generated  by  the  tabs  in  this  orientation  was  expected  to  be 
directly  toward,  i.e.,  normal  to,  the  mixing  layers  rather  than  at  an  angle  to  them  as  in  the 
T2  case  or  tangent  to  them  as  in  the  T1  case.  [Refer  to  Figure  5.21  for  the  expected 
direction  of  the  secondary  (radial  flow)  component.]  The  two-dimensional  mixing  layers 
appeared  to  drastically  suppress  the  action  of  the  vortices  generated  by  the  tabs  in  the  T3 
case  (Figures  5.11  to  5.20).  No  concrete  evidence  of  stationary  streamwise  vortices  is 
seen  in  the  face-on  Rayleigh/Mie  images  located  at  X/h  =1,2,  and  4.  The  jet  remains 
compact  in  a  cross-sectional  area  similar  to  that  of  the  circular  jet  until  X/h  =  6.8  where  it 
appears  that  the  primary  fluid  is  ingested  at  the  sides  of  the  jet  as  indicated  by  the  indents 
in  the  jet  (Figure  5.18).  This  is  evidence  of  the  presence  of  counter  rotating  vortices  at 
these  downstream  locations. 
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5.2.23  Elliptic  nozzle  configurations  (El,  E2,  E3) 


Jets  emanating  from  elliptic  nozzles  evolve  significantly  different  from  those 
emanating  from  circular  (and  circular- with-tabs)  nozzles.  The  elliptic  jets  begin  with 
different  dynamics.  The  large  azimuthal  variation  in  curvature  of  the  elliptic  vortical 
structures  causes  nonuniform  self-induction  and  subsequent  complex  three-dimensional 
deformation.  The  most  notable  phenomenon  of  an  oblong  jet  is  axis-switching,  in  which 
the  jet  cross-section  contracts  in  the  direction  of  the  major-axis  and  expands  along  the 
minor-axis,  so  that  the  two  axes  are  eventually  interchanged  [Hussain  and  Husain  1989]. 
This  phenomenon  is  believed  to  be  intimately  related  to  momentum  thickness  around  the 
jet  perimeter  [Koshigoe  et.  al  1989]. 

The  instantaneous  and  average  face-on  Rayleigh/Mie  scattering  images  for  injection 
from  the  elliptic  nozzles  (El,  E2,  E3)  are  shown  in  Figures  5.11  to  5.20.  It  is  evident 
from  these  images  that  motion  of  the  jet  fluid  emanating  from  the  elliptic  nozzle 
configurations  (El,  E2,  E3)  is  modified  by  the  mixing  layers  when  compared  to  jets 
emanating  from  circular-with-tabs  nozzles  in  a  free  jet  situation.  This  is  most  obvious 
when  comparing  the  evolution  of  the  jets  emanating  from  El  and  E3  nozzles.  The  jet 
emanating  from  the  El  nozzle  configuration  appears  to  have  switched  axes  once 
immediately  upon  exiting  the  nozzle  while  the  jet  emanating  from  the  E3  configuration 
appears  to  switch  axes  much  further  downstream.  It  appears  from  Figure  5.11  that  the 
elliptic  jet  in  the  El  orientation  has  gone  through  one  axis  switching  by  X/h  =  1  and 
achieves  an  aspect  ratio  greater  than  three  by  X/h  =  4  (Figure  5.15).  Face-on  images 
further  downstream  show  that  the  El  jet  continues  to  spread  along  its  new  major  axis  and 
does  not  incur  another  axis-switching.  On  the  other  hand,  the  jet  emenating  from  the  E3 
nozzle  maintains  a  rather  square  shape  from  X/h  =  1  to  4  (Figures  5.10  to  5.15)  and  then 
elongates  slightly  in  the  transverse  direction  X/h  =  6.8  (Figure  5.16)  to  achieve  one  axis- 
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switch.  The  aspect  ratio  of  the  E3  jet  at  X/h  =  6.8  is  approximately  half  that  of  the  El  jet 
X/h  =  4,  showing  the  retarding  effect  of  the  mixing  layers  on  the  E3  jet  dynamics  relative 
to  the  El  jet.  The  mixing  layers  do  not  appear  to  hinder  the  observed  axis-switching  in 
the  El  case,  and  perhaps  even  induced  the  axis  switch  and  subsequent  jet  spread  in  the 
spanwise  direction.  However,  the  mixing  layers  could  have  been  a  prohibitive  factor  for 
subsequent  axis-switching. 

The  instantaneous  and  average  plan  view  images  (Figures  5.22  and  5.23)  of  the  El 
jet  show  that  the  jet  core  bifurcated  (albeit  less  completely  than  in  the  T1  case)  and  that 
each  core  appears  to  be  traveling  away  from  the  centerline  as  opposed  to  the  T1  case  in 
which  the  separated  cores  travel  in  relatively  parallel  paths.  Bifurcation  of  a  subsonic  jet 
emanating  from  an  elliptic  nozzle  is  explained  by  a  connecting  type  action  of  adjacent 
sides  of  the  elliptic  vortical  structure  [Hussain  and  Husain  1989].  If  the  "connection" 
becomes  complete,  the  elliptic  jet  separates  into  two  adjacent,  almost  circular,  jets. 

A  distorted  axis-switch  is  seen  for  the  E2  case.  The  ends  of  the  major  axis  of  the 
elliptic  E2  jet  was  distorted  by  the  wake  flow  in  a  manner  similar  to  the  T2  case  and  also 
formed  an  "S"  shaped  jet  cross-sectional  area  (Figure  5.13  and  5.14).  The  E3  jet  remains 
rather  compact  until  station  X/h  =  6.8  where  an  axis  switch  is  apparent.  Noticeable 
"curls"  are  present  on  the  sides  of  the  jet  in  the  instantaneous  face-on  Rayleigh/Mie 
images  at  X/h  =  2,  4,  and  6.8  (Figures  5.13,  5.15,  and  5.17).  These  curls  are  presumably 
caused  by  streamwise  vortices.  They  appear  to  be  spatially  stationary  in  an  average 
sense,  judging  from  the  indents  in  the  sides  of  the  jet.  These  indents  indicate  the  presence 
of  engulfed  air  between  the  location  of  the  curls  seen  on  the  average  images  at  X/h  =  2, 4, 
and  6.8  (Figures  5.14,  5.16,  and  5.18). 

The  mixing  layers  formed  between  the  primary  flow  and  the  recirculating  flow 
definitely  impact  the  dynamics  of  the  jets.  One  interesting  observation  shows  that  the 
wake  flow  is  reciprocally  distorted  by  the  jet.  The  turbulent  flow  in  the  region  behind  the 


108 


jet  creates  a  sinuous  cross-sectional  shape  of  the  wake  flow,  seen  as  an  rmdulating  pattern 
across  middle  of  the  instantaneous  figure  of  the  no  injection  (N)  case  at  X/h  =  2  (Figure 
5.13).  This  is  characteristic  of  an  instability  and  perturbation  in  the  developing  region  of 
a  shear  or  mixing  layer.  It  is  also  present  in  the  injection  cases.  The  sinusoidal  pattern 
appears  in  the  average  images  of  the  T2  and  E2  cases  (Figure  5.14),  signifying  that  the 
imdulation  is  random  in  the  other  cases  and  becomes  stationary  during  interaction  with 
the  T2  and  E2  case  flow  dynamics.  The  other  jets  may  have  an  equally  effective 
stationary  pattern,  but  its  not  obvious  because  the  likely  direction  is  either  normal  or 
parallel  to  the  mixing  layers  and  is  masked  by  the  other  dynamics. 

5.2.3  Comparison  of  jet  mixing  performance 

The  different  nozzle  geometries  and  orientations  indeed  create  different  jet 
dynamics  and  resulting  shapes.  This  leads  one  to  consider  which  nozzle  configuration 
promotes  the  best  mixing.  The  evaluation  of  mixing  is  a  challenging  task;  researchers 
and  engineers  have  taken  many  approaches  to  examine  and  compare  mixing  using  a 
plethora  of  measurement  techniques. 

In  order  to  judge  mixing  performance,  it  is  essential  to  understand  the  meaning  of 
the  term  "mixing"  and  its  significance  in  combustion  applications.  Fuel  and  air 
molecules  react  and  combust  in  a  specific  stoichiometric  ratio  described  by  a  balanced 
chemical  reaction  combustion  equation.  Therefore,  complete  mixing  for  combustion 
applications  is  achieved  when  the  fuel  and  oxidizer  are  homogeneously  mixed  at  the 
molecular  level.  When  fuel  molecules  are  not  adjacent  to  oxygen  molecules,  due  to 
either  incomplete  mixing  or  to  a  shortage  of  oxidizer,  the  hydrogen  and  carbon 
components  of  the  fuel  molecules  are  not  burned  to  their  most  oxidized  state  and  the  full 
potential  energy  of  the  fuel  is  not  realized  [Glassman  1987]. 
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Mixing  is  initiated  by  large-scale  structures  that  entrain  large  quantities  of  fluid 
into  the  mixing  region.  As  the  large  scale  structures  are  stretched  by  fluid  motion,  they 
impart  energy  to  smaller  scale  turbulent  structures,  which  in  turn  impart  energy  to  yet 
smaller  structures;  thus  forming  an  energy  cascade.  This  process  has  been  shown  to  be 
primarily  inviscid  down  to  the  finest  scale,  where  viscous  diffusion  occurs  [Tennekes  and 
Lumley  1972]. 

The  initial  driving  force  that  generates  the  large-scale  structures,  in  this  case  the 
velocity  gradient  between  fluids,  decreases  and  eventually  disappears  as  the  two  fluids 
mix  and  acquire  similar  properties.  At  this  point,  the  cascading  process  prevails  and 
generates  progressively  smaller  eddies,  acting  to  relaminarize  the  flow.  Although  the 
progress  from  large-scale  to  small-scale  mixing  forms  a  kind  of  continuum,  the  large 
scale  structures  that  initiate  the  mixing  process  and  the  smaller  scale  structures  that 
dominate  the  turbulent  mixing  downstream  typically  require  different  analysis  techniques 
or  at  least  different  methods  or  considerations  when  interpreting  the  results.  This  is 
especially  crucial  in  combustion  applications,  where  small-scale  and  even  micro-scale 
turbulence  is  necessary  to  achieve  efficient  combustion.  Therefore,  in  considering 
mixing,  it  is  important  to  differentiate  between  large-  and  small-scale  structures  and  to 
identify  the  regions  of  the  flow  where  large-  and  small-scale  effects  dominate. 

In  practice,  mixing  can  be  evaluated  by  its  status  in  the  process  from  the  initially 
segregated  fuel  and  air  streams  toward  a  micro-mixed  molecularly  homogenous  mixture. 
Mole  fraction  measurements  are  an  attractive  analysis  tool  since  mole  fraction  is  an 
ultimate  measme  of  the  status  of  micro-mixing  between  two  fluids.  Mole  fraction 
measurements  have  been  achieved  using  intrusive  gas  sampling  probes  [Cox  et  al.  1 994] 
and  nonintrusively  with  advanced  laser  techniques  [Abbitt  et  al.  1991].  However,  mole 
fraction  measurements  are  difficult  to  achieve  especially  in  combustion  flows. 


no 


Fortunately,  other  measurement  techniques  provide  useful  information  to  describe 
mixing. 

The  traditional  line  of  sight  imaging  methods  using  schlieren  or  shadowgraph 
systems  reveal  the  area  of  mixing  as  in  the  case  of  a  two-dimensional  shear  layer  flow. 
As  one  can  imagine,  the  use  of  line  of  sight  techniques  is  limited  in  three-dimensional 
axisymmetric  and  asymmetric  flows  because  of  the  integrating  effect  along  the  line  of 
sight. 

Traditional  planar  flow  visualizations,  such  as  Planar  Laser  Induced  Fluorescence 
(PLIF)  or  Rayleigh  scattering  employing  laser  sheet  lighting,  provide  a  two-dimensional 
plane  of  information.  Strategically  positioning  the  planes  of  view  in  series  in  three 
orthogonal  views  provides  a  complete  three-dimensional  matrix  of  information,  even  for 
a  complex  three-dimensional  asymmetric  flow.  The  instantaneous  planar  images  can 
show  the  overall  components  of  the  flow  and  flow  structures  at  the  interface  of  the 
mixing  fluids. 

Digitized  planar  images  offer  opportunity  for  a  wide  variety  of  mathematical 
analyses.  Two  such  as  methods  of  analysis  to  highlight  organized  structures  in  the  flow 
field  are  fi'actal  analysis  [Barnsley  1988],  in  which  turbulent  mixing  is  evaluated  based  on 
geometric  patterns  seen  in  a  cross  sectional  view  of  die  flowfield  [Sreenivasan  1991],  and 
Fast  Fourier  Transforms  (FFTs)  to  identify  spatially  repeated  structures  in  the  flowfield 
[Messersmith  and  Dutton  1991].  In  addition,  pointwise  statistical  analysis  using  mean, 
and  standard  deviation  values  can  be  used  to  characterize  the  flow. 

The  above  methodologies  can  be  applied  in  parallel  to  accoimt  for  the  large-  and 
small-scale  mixing.  In  these  studies,  the  large-scale  mixing  is  relayed  by  the  jet  spread, 
the  mixing  potential  as  given  by  means  of  a  shape  factor  and  the  quality  of  small-scale 
mixing  by  a  mixedness  index. 
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The  progress  of  large-scale  mixing  in  entraining  air  into  the  helium  jet  and 
expelling  helium  from  the  jet  into  the  surrounding  air  is  demonstrated  in  terms  of  jet 
spread.  This  type  of  measurement  yields  large-scale,  global  mixing  patterns,  but  fails  to 
provide  a  complete  description  of  mixing.  For  example,  two  streams  of  fluid  can  merge 
into  a  large  vortex  (appearing  as  a  large  mixing  region  on  a  schlieren  or  shadowgraph 
image),  yet  the  area  of  chemical  reaction  which  promotes  combustion  and  relies  upon 
micro-mixing  may  be  very  small.  The  "bridge"  between  the  large-  and  small-  scale 
structures  can  be  visually  seen  as  the  stretching  and  contorting  of  the  large-scale 
structures  down  through  the  smaller  scales.  This  can  be  quantitatively  described  on  the 
large-scale  level  by  a  shape  factor  that  exemplifies  the  mixing  potential  of  the  large-scale 
structures  capable  of  imparting  energy  in  a  cascading  process  down  to  the  smaller  scales. 
In  addition  to  providing  a  parameter  for  inviscid  mixing  potential,  the  shape  factor  also 
indicates  the  relative  amount  of  surface  area  available  for  micro-mixing  through  viscous 
diffusion  between  the  two  fluids.  Finally,  a  measure  of  the  quality  of  mixing  in  the 
mixing  region  is  desirable  to  completely  describe  the  mixing.  The  quality  of  mixing  in 
this  study  is  portrayed  by  a  pointwise  statistical  parameter  referred  to  as  mixedness. 

Digitized  planar  Rayleigh/Mie  scattering  images  provided  the  two-dimensional 
array  of  point  measurements  used  to  compute  statistical  mixing  parameters.  The  ICCD 
camera  used  to  capture  the  Rayleigh/Mie  images  provided  a  578  by  384  pixel  array  of 
intensity  values  representing  each  planar  field  of  view.  The  pixel  intensity  values 
represent  the  amount  of  light  scattered  from  the  ice  particles  suspended  in  the  primary  air 
flow.  When  viewing  the  Rayleigh/Mie  scattering  images,  it  must  be  kept  in  mind  that  the 
ice  particles  evaporate  in  the  recirculation  zone  and  recondense  downstream. 

Since  large-scale  inviscid  mixing  dominates  the  initial  development  of  the  jet  and 
small-scale  mixing  dominates  the  downstream  evolution  of  the  jet,  it  is  reasonable  to 
apply  large-scale  analysis  near  the  nozzle  exit  and  small-scale  analysis  further 
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downstream.  It  is  obvious  from  the  face-on  Rayleigh/Mie  scattering  images  in  Figures 
5.1 1  to  5.19  that  distinct  large-scale  structures  dominate  the  flow  at  X/h  =  1  and  2,  and 
that  these-large  scales  are  not  apparent  at  X/h  =  10.  However,  the  growth  and  decay  of 
the  large  scale  structures  is  progressive,  so  that  attempting  to  choose  a  specific  transition 
point  where  the  large-scale  and  small-scale  effects  are  equal  is  futile.  Rather,  an 
intermediate  region  of  transition  can  reasonably  be  identified.  It  appears  that 
characteristics  of  the  initial  large-scale  structures,  such  as  the  lobe  appearing  at  the  upper 
right  comer  of  the  circular  (C)  jet  at  X/h  =1,2,  and  4,  or  the  ends  of  the  "S"  shape  in  the 
T2  and  E2  jet  at  X/h  =  2  and  4,  appear  to  disseminate  significantly  between  X/h  =  4  and 
6.8  (Figures  5.15  to  5.18).  Therefore,  the  large-scale  analysis  via  jet  spread  and  shape 
factor  was  executed  using  the  face-on  views  at  X/h  =1,2,  and  4  while  the  mixedness 
analysis  was  performed  for  the  face-on  images  at  X/h  =  4,  6.8,  and  10. 

5.2.3.1  Jet  shape  factor 

Since  the  jet  is  asymmetric,  the  jet  spread  cannot  be  discussed  in  the  conventional 
terms  of  increase  in  jet  radius  as  the  jet  propagates  downstream.  Rather,  an  effective 
radius,  Rq,  defined  as 


where  A  is  the  cross-sectional  area  of  the  jet. 

In  order  to  evaluate  the  mixing  potential  of  the  different  injector  geometries,  one  can 
consider  the  interfacial  surface  area  between  the  jet  and  surrounding  fluid  per  unit 
volume  of  jet  fluid  available  for  mixing.  When  considering  a  cross-sectional  plane  of  the 
jet,  this  corresponds  to  the  ratio  of  the  jet  perimeter  ip)  to  the  cross-sectional  area  (A)  of 
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the  enclosed  region.  A  circle  is  the  shape  with  the  smallest  perimeter  to  area  ratio.  Thus, 
dividing  the  perimeter  to  area  ratio  for  an  asymmetric  jet  by  the  perimeter  to  area  ratio  of 
a  circular  jet  with  the  same  cross-sectional  area  results  in  a  nondimensional  geometric 
parameter  referred  to  as  the  shape  factor.  The  shape  factor  is  defined  as 


The  shape  factor  is  similar  to  the  compactness  parameter  used  to  evaluate  jet  spread  for  a 
Mach  1.63  air  jet  injected  from  various  noncircular  nozzles  mounted  in  the  base  of  a 
swept  ramp  in  a  Mach  2  freestream  air  flow  [Haimitovich  1994].  Obviously  a  circular  jet 
has  a  shape  factor  of  1 .  Since  a  circle  is  the  shape  with  the  smallest  perimeter  to  area 
ratio,  shapes  factors  for  anything  but  a  circular  cross-section  are  greater  than  one.  A 
large  shape  factor  signifies  a  convoluted  interface  between  the  jet  and  ambient  fluid.  A 
convoluted  perimeter  suggest  the  presence  of  large-scale  structures,  and  large-scale 
structures  posses  potential  energy  to  fuel  the  mixing  process.  These  large-scale  structures 
can  impart  energy  through  the  energy  cascade  process  down  to  the  small-scale  structures 
needed  for  complete  mixing  for  combustion.  In  addition,  a  larger  shape  factor  also 
signifies  more  interfacial  surface  area  available  for  viscid  small-scale  mixing  per  volume 
of  enclosed  fluid.  From  either  perspective,  a  large  shape  factor  inevitably  promotes  the 
small-scale  mixing  necessary  for  efficient  fuel  and  air  combustion. 

The  challenge  in  deriving  the  jet  cross-sectional  area  is  defining  and  identifying  the 
boundary  of  the  jet  in  a  meaningful  manner.  The  two  primary  regions  of  the  jet  are  the 
core  and  the  mixing  layer.  The  core  is  the  portion  of  the  jet  that  remains  unmixed,  i.e., 
100%  helium.  The  jet  mixing  layer  is  the  portion  of  the  jet  that  contains  helium  mixed 
with  air.  The  mixing  region  is  characterized  by  high  fluctuating  values  and  gradient  of 
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the  physical  properties  that  differ  between  the  two  mixing  fluids  such  as  mean  velocity 
and  helium  mean  mole  fraction  for  the  case  at  hand.  Thus,  it  seems  sensible  to  identify 
the  boundary  of  the  jet  based  on  the  location  of  fluctuations  or  gradient  of  values  varying 
between  the  helium  jet  core  and  freestream  air. 

Since  standard  deviation  calculations  are  based  on  the  magnitude  of  fluctuations 
relative  to  the  local  mean  value,  the  highest  standard  deviation  occurs  in  the  same  place 
regardless  of  the  laser  sheet  irregularities  or  other  variation  effecting  image  intensity 
values.  Thus,  using  the  high  standard  deviation  values  to  mark  a  contour  in  the  mixing 
layer  around  the  perimeter  of  the  jet  avoids  the  dilemma  of  calibrating  the  average  images 
to  obtain  a  threshold  value,  to  mark  the  edge  of  the  jet,  that  is  consistent  from  one 
average  image  to  another.  High  standard  deviation  of  the  intensity  values  among  the  20 
instantaneous  Rayleigh/Mie  images  taken  at  each  location  arise  from  the  helium  and  air 
engulfed  in  the  jet  mixing  layer  intermittently  passing  the  plane  of  view.  The  maximum 
standard  deviation  values  aroimd  the  jet  can  be  loosely  compared  to  the  neutral  (or 
saddle)  point  about  which  the  shear  layer  structures  seem  to  rotate.  The  high  standard 
deviation  contours  mark  the  most  active  region  of  mixing  between  the  helium  jet  and 
freestream  air. 

The  contours  marking  the  highest  standard  deviation  values  in  the  mixing  region 
were  used  to  define  the  jet  contours  for  subsequent  analysis  of  jet  spread  and  shape 
factor.  The  first  step  in  obtaining  this  contour  is  to  compute  a  standard  deviation  image 
from  the  20  instantaneous  Rayleigh/Mie  images  taken  at  each  face-on  plane  of  view  of 
interest.  The  standard  deviation  in  intensity  values  for  each  pixel  in  the  578  by  384  pixel 
array  was  computed  using  the  equation; 


5.4 
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where  i  and  j  are  the  row  and  column  of  the  pixel  in  the  578  by  384  pixel  array  of  the 
ICCD  camera,  and  n  is  the  total  number  of  samples  in  the  summation  set  {n  =  20  in  this 
study).  Figures  5.24,  5.25  and  5.26  show  standard  deviation  images  for  the  cross- 
sectional  views  of  each  nozzle  configuration  at  X/h  =1,2,  and  4,  respectively.  Using  a 
computer  graphics  program,  a  contour  was  visually  interpolated  to  approximate  the  curve 
of  maximum  standard  deviation  surrounding  the  injected  helium  jet.  An  example 
contour  is  shown  for  the  T1  injection  case  at  X/h  =  2  in  Figure  5.27.  It  is  obvious  from 
the  standard  deviation  maps  at  X/h  =  2  that  the  fluctuations  in  the  base  flow  on  each  side 
of  the  jet  are  of  the  same  magnitude  as  the  fluctuations  in  the  mixing  layer  of  the  jet. 
This  is  an  unfortunate  consequence  of  using  ice  crystals  which  evaporate  in  the 
recirculation  zone  and  recondense  downstream  when  mixed  with  freestream  air.  The 
average  and  instantaneous  images  were  referred  to  in  this  area  to  determine  the  best  fit  to 
create  a  completely  connected  contour  line  around  the  jet.  Once  the  high  standard 
deviation  contours  were  drawn,  A,p,  Ro  and  S  were  calculated.  The  cross-sectional  areas 
of  the  resulting  curves  gave  a  comparative  parameter  for  jet  spread  between  injection 
cases  with  different  nozzle  configurations  while  shape  factors  revealing  mixing  potential. 
Table  3  lists  A,p,Rq  and  S  for  the  face-on  images  located  at  X/h  =1,2,  and  4  for  all  the 
nozzle  configuration.  The  area  and  shape  factors  are  shown  graphically  in  Figures  5.28 
and  5.29. 

The  combination  of  a  large  shape  factor  and  a  large  cross-sectional  area,  in  the 
region  where  large-scale  structures  dominate  mixing,  are  desired  for  the  most  favorable 
mixing  situation.  The  large  shape  factor  indicates  the  degree  of  convolution  and  large 
area  indicates  the  magnitude  of  impact.  The  data  in  Table  3  clearly  indicate  that  the 
circular- with-tabs  nozzles,  especially  the  T1  case,  produce  the  largest  mixing  areas  and 
shape  factors. 


116 


At  the  X/h  =  2  location,  the  T1  case  produces  an  area  which  is  34%  larger  than  that 
obtained  with  the  baseline  circular  (C)  injector,  with  a  shape  factor  only  15%  higher  than 
that  of  the  C  case.  Although  the  T3  case  produces  an  area  which  is  also  37%  larger  than 
that  of  the  C  case,  the  T3  case  shape  factor  (1.22)  is  smaller  than  that  of  the  C  case  (1.28). 
Based  on  the  data  for  the  X/h  =  2  location,  the  T1  case  appears  to  be  the  favored 
configuration  for  mixing.  For  the  case  of  the  elliptic  nozzle,  configuration  the  E3  case 
generates  larger  area  but  the  El  case  generates  larger  shape  factor.  Both  the  T3  and  E3 
cases  yield  very  low  shape  factors. 

At  the  X/h  =  4  location,  the  tabbed  nozzle  again  produces  greater  mixing  areas  than 
the  other  nozzle  geometries.  The  shape  factor  of  the  T1  case  (1.82)  is  58%  higher  than 
that  of  the  C  case  (1.15).  The  area  for  the  T1  case  is  32%  larger  than  for  the  C  case, 
similar  to  the  results  obtained  at  X/h  =  2.  Thus  the  T1  case  appears  to  posses  the  highest 
mixing  potential  of  the  nozzle  configurations  tested.  Interestingly,  the  shape  factor  for 
the  C,  T3,  and  E3  cases  are  very  similar  (1.15).  This  outcome  suggests  that  the  T3  and 
E3  configurations  do  posses  the  lowest  mixing  potential  of  the  nozzle  configurations 
tested.  As  discussed  previously  in  Section  5.2.2,  the  mixing  layers  formed  between  the 
primary  freestream  flow  and  the  recirculating  flow  at  the  base  of  the  strut  appear  to  most 
significantly  inhibit  the  Jet  dynamics  for  the  T3  and  E3  cases. 

5.2.3.2  Evaluation  of  Mixing  Quality  -  Mixedness  Index 

A  mixedness  index  was  developed  to  give  a  figure  of  merit  for  the  small-scale 
mixing  at  the  downstream  locations  of  a  turbulent,  mixing  flowfield  where  small-scale 
effects  are  most  significant.  In  earlier  studies,  mixedness  parameters  were  developed  to 
define  mixing  quality  based  on  concentration  of  chemical  species  [Brodkey  1967,  Pratt 
1975,  Konrad  1976].  One  such  parameter,  referred  to  as  "segregation"  or  "unmixedness," 
is  described  by  Pratt  [1975]  as 
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where  Xa  is  the  mole  fraetion  of  air  in  an  air/foel  mixhjre,  g{Xa)  is  the  variance  of  Xa 
over  time  and  [Xa'f  '^^  the  square  of  the  mean  value  for  Xa-  Ideally,  a  segregation  value 
of  j  =  0  signifies  complete  mixing  (molecular  homogeneity)  and  a  value  of  5  =  1 
suggests  no  mixing  has  occurred.  The  segregation  is  undefined  for  ^  =  0  ,  that  is,  for 
regions  where  only  pure  fuel  is  present. 

Unfortunately,  the  segregation  parameter  does  not  detect  stream-separated  flows 
in  which  mixing  does  not  occur.  For  example,  consider  the  hypothetical  case  shown  in 
Figure  5.30  of  the  time- varying  concentration  of  air  recorded  by  a  concentration  probe 
located  at  a  fixed  point  in  a  two-stream  flow.  Assume  that  the  two  streams  are  air  and 
gaseous  fuel,  as  in  combustion  applications,  and  that  concentration  is  measured  in  terms 
of  the  mole  fraction  of  air,  such  that  =  0  in  pure  gaseous  fuel  and  =  1  in  pure  air. 
The  square  wave  represents  a  completely  stream-segregated  flow  of  pure  fuel  and  pure 
air  in  which  neither  large-  nor  small-scale  mixing  occurs  and  only  alternate  patches  of 
fuel  or  air  intermittently  pass  the  probe  volume.  This  situation  results  in  a  variance  value 
of  siXa)  ""  0-25  and  a  segregation  value  of  5  =  1.  Figure  5.31  shows  a  similar  situation 
except  that  one  stream  is  a  mixture  of  40%  fuel  in  air  and  the  second  stream  is  a  mixture 
of  60%  fuel  in  air.  In  this  case,  the  resulting  variance  and  segregation  values  measured  at 
the  probe  volume  are  g{Xa)  =  0.01  and  s  =  0.04.  If  the  two  cases  shown  in  Figures 
5.30  and  5.31  are  compared  in  terms  of  variance  or  segregation  values  alone,  the  first 
case  exhibits  higher  fluctuations  in  the  flow  and  thus  suggests  better  mixing  than  the 
second  case.  In  fact,  neither  case  mixes  at  all  since  they  are  both  stream-segregated 
flows. 
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Konrad  [1976]  developed  an  equation  that  recognizes  and  identifies  stream- 
segregated  flows  as  unmixed  and  does  not  incur  mathematical  singularities  when  Xa 
equals  1  or  0.  This  measure  of  unmixedness  is  defined  as 

\[Xa-Ya)dh+  l{Xa- Za)dt2 

urn  =  -^2 - = - - ,  5.6 

\(y-Xa)dh  +  \iXa)dt2 
^1  h 

where  tj  is  the  time  during  which  Xa^Ta  and  t2  is  time  during  which  Xa  ^  Xa  ■  This 
integral  definition  is  graphically  described  by  the  concentration  trace  shown  in  Figure 
5.32,  where  um  is  equal  to  the  sum  of  the  shaded  areas  divided  by  the  sum  of  the  areas  of 
the  rectangles  enclosing  the  shaded  areas.  It  is  obvious  that  for  a  perfectly  mixed  flow, 
^  is  equal  to  a  constant  value  and  um  =  0.  Likewise,  if  the  two  fluids  in  the  flow  are 
perfectly  unmixed,  as  in  the  case  of  the  two  stream  segregated  flows  shown  in  Figures 
5.30  and  5.31,  then  ^  =  1  or  0  at  all  times  and  mot  =  1.  Thus  the  intermittency  of  the 
two-stream  segregated  flow  is  not  mistaken  for  small-scale  mixing  and  Konrad's  equation 
is  a  more  informative/inclusive  measure  of  mixing  than  the  segregation  parameter 
defined  above. 

An  unmixedness  parameter  and  related  mixedness  index,  introduced  by  Glawe  et 
al.  [1995],  was  developed  for  the  current  study.  The  unmixedness  parameter  (um^)  is 
defined  as:  • 


MOT,  = 


~l{Xa-Xafdt 


[Xa,  -Xa)[Xa-Xa.^ 


• 

2 
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where  Xa^  ^nd  Xa.  the  values  of  Xa  hi  the  two  pure  fluids  in  the  flow,  with  Xa,  ^  X,- 
This  equation  is  similar  in  theory  to  Konrad's  equation  5.6,  in  that  it  represents  the  actual 
fluctuation  relative  to  the  fluctuation  of  a  corresponding  stream-segregated  flow. 
However,  equation  5.6  is  expressed  in  terms  of  a  difference  and  equation  5.7  is 
expressed  in  terms  of  a  difference  squared  (i.e.,  a  standard  deviation).  In  addition,  the 
product  in  the  denominator  of  equation  5.7  acts  to  normalize  the  fluctuations  relative  to  a 
fully  mixed  mean  value  assumed  to  be  equal  to  ^ 

It  can  be  shown  for  a  stream-segregated  flow,  with  one  stream  of  concentration  X\ 
and  the  other  of  concentration  Xi » where  X\^  that 

X  =  ocXi+PX2^  5.8 


where  o  is  the  fraction  of  time  during  which  mole  fraction  X]  is  present,  |3  is  the  fraction 
of  time  during  which  mole  fraction  X2  is  present  in  the  measurement  volume,  and 
a+P  =  l[Gouldin  and  Dandekar  1984].  The  standard  deviation  is  then  given  by 


C((xi-xf  +P{x2-xf 
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In  combination  with  equation  5.8  and  the  fact  that  =  1  it  can  be  shown  that. 


_  _  1 

<^.=[{xi-x)(x-x2)y. 
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which  is  exactly  the  denominator  of  equation  5.7  (see  Appendix  E  for  derivation).  The 
expression  in  equation  5.10  yields  a  maximum  value  of  0.25  when  x  is  equal  to  the 
value  for  a  fully  mixed  condition,  X  =  {Xi+  X2)^^  •  For  all  other  values  of 
X  ^  [X\+X2)l'^  where  0  <  <  1,  equation  5.10  yields  a  value  smaller  than  0.25.  A 
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smaller  value  in  the  denominator  of  equation  5.7  results  in  a  larger  value  of  unmixedness. 
Thus,  in  addition  to  yielding  the  values  of  um^  =  1  for  stream-segregated  flows  and  um^ 
=  0  for  fully  mixed  flows,  the  unmixedness  equation  5.7  also  quantifies  how  closely  the 
mixing  approaches  the  fully  mixed  equilibrium  state  of  x  =  {X\'^ 

To  demonstrate  the  influence  of  the  denominator  on  the  unmixedness  value. 
Figures  5.33  and  5.34  show  two  concentration  traces  of  identical  fluctuation  about  mean 
values  of  ^  =  0.5  and  0.3,  respectively.  Since  the  standard  deviation  is  the  same  for 
both  traces,  the  mean  value  Yl  dictates  the  value  of  mixedness  for  the  two  different 
traces.  The  case  with  Y1  ~  0-5  yields  the  maximum  possible  value  of  0.25  for  the 
denominator,  while  the  case  with  Y„  ^  0.3  yields  a  value  of  0.21.  This  results  in  an 
unmixedness  parameter  20%  larger  for  the  Y  case  as  compared  to  the  x„  =  0-5 

case. 

It  should  be  noted  that  equation  5.7  contains  mathematical  singularities  for  values 
of  ^  =  1  or  0,  which  occin  outside  of  the  mixing  region  in  either  pure  air  or  fuel.  Since 
pure  fuel  and  air  are  homogeneous,  with  constant  values  of  =0  and  1 ,  the  standard 
deviation  of  mole  fraction  in  pure  fluid  is  necessarily  zero.  Therefore,  the  condition  of 
£T,  =  0  can  be  used  to  identify  and  mark  regions  of  pure  fuel  (o;  =  0  and  Xa  ^ 
pure  air  (cr^  =  0  and  Y  ~  before  application  of  equation  5.7.  Predetermining  regions 
of  pure  fluid  avoids  incurring  mathematical  singularity  points  during  computations. 
Since  <7,  =  0  for  fully  mixed  flows  as  well,  regions  where  =  0  and  x„  equals  a 
value  between  0  and  1  can  likewise  be  identified  and  marked  before  application  of 
equation  5.7.  Since  unmixedness  values  fall  in  a  range  between  0  and  1,  a 
complimentary  mixedness  index  (m)  can  be  defined  as 


m  =  l-um^. 
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where  w  =  1  for  fully  mixed  and  w  =  0  for  fully  unmixed  conditions,  as  expected.  The 
integral  mixedness  parameter  developed  for  the  current  study  is  defined  as 


m  =  1  -  unig  =  1  - 
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This  mixedness  parameter  can  be  written  in  a  statistical  rather  than  a  time-integral 
format  for  use  with  digitized  data.  For  the  current  study,  Rayleigh/Mie  images  provide 
digitized  pseudo-concentration  information  for  the  helium  jet  mixing  with  the  primary 
flow  of  freestream  air.  Since  laser  light  is  scattered  from  ice  particles  in  the  air,  the 
scattering  intensity  (i)  represents  the  relative  amount  of  air  present  at  each  location  in  the 
flowfield.  In  an  image  including  regions  of  pure  helium  and  air,  the  maximum  pixel 
intensity  (/;)  corresponds  to  regions  of  pure  air  and  the  minimum  pixel  intensity  value 
{I2)  corresponds  to  regions  of  pure  helium.  //  and  I2  are  the  upper  and  lower  bounds  of 
the  pseudo-concentration  range,  just  as  1  and  0  are  the  upper  and  lower  bounds  of  the 
mole  fraction  traces  used  in  the  previous  examples.  The  mixedness  index  used  to 
evaluate  the  quality  of  mixing  based  on  digitized  Rayleigh/Mie  scattering  images  is 
defined  as 


5.13 


where  n  is  the  total  number  of  samples  in  a  summation  set,  i  and  j  are  the  row  and  column 
of  the  pixel  in  the  578  by  384  pixel  array  of  the  ICCD  camera,  Ij  is  maximum  intensity 
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of  scattering  in  air  and  I2  is  minimum  scattering  in  helimn.  The  mixedness  index,  mi  is 
undefined  for  7~  =  7/  and  7”  =  h,  which  theoretically  occurs  in  pure  air  and  pure 
helium,  while  fully  mixed  conditions  result  in  a  mixedness  value  of  mj=  I . 

It  should  be  noted  that  the  resolution  of  the  intensity  measurements  are  limited  to 
the  size  of  the  measurement  volume  recorded  by  each  pixel  of  the  578  by  384  array  of  the 
ICCD  camera.  For  the  face-on  images,  the  measurement  volume  based  on  the  laser  sheet 
thickness  dimensions  and  the  ratio  of  pixels  to  field  of  view  dimensions  is  approximately 
0.3  mm  X  57  pm  x  53  |jm.  This  is  much  larger  than  the  smallest  scale  of  turbulence 
described  by  the  Kolmogorov  microscale  of  length  (rj)  defined  by 


71  = 
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where  represents  the  size  of  the  largest  eddies  or  the  width  of  the  shear  layer  and  Re 
represents  the  Reynolds  number  based  on  and  the  velocity  difference  across  the  shear 
layer.  Thus  the  resolution  of  the  measurement  volume  is  a  limiting  factor  on  the 
precision  of  the  mixedness  index  and  its  description  of  the  quality  of  mixing. 

Mixedness  plots  were  generated  for  the  circular  (C)  nozzle  case  from 
Rayleigh/Mie  images  of  the  face-on  view  located  at  the  last  four  streamwise  stations  in 
the  test  range  at  X/h  =  2,  4,  6.8,  and  10.  This  series  of  mixedness  plots  along  with  the 
corresponding  intensity  probability  distribution  functions  shows  the  trend  in  mixedness  of 
the  jet  as  it  travels  downstream.  Mixedness  plots  were  also  calculated  for  each  of  the 
nozzle  configurations  (N,  C,  Tl,  T2,  T3,  El,  E2,  E3)  from  images  of  the  face-on  view 
located  at  the  furthest  downstream  location  X/h  =10.  Small-scale  mixing  between  the 
different  nozzle  geometries  was  evaluated  using  these  maps  along  with  intensity  profiles 
of  a  horizontal  and  vertical  line  across  each  of  the  mixedness  maps. 
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In  theory,  the  process  of  generating  a  mixedness  map  consists  of  identifying  the 
minimum  and  maximum  intensity  values  corresponding  to  scattering  intensity  in  helium 
and  air  respectively,  computing  the  average  and  standard  deviation  of  intensity  at  each 
pixel  in  the  image  array  and  finally  inserting  these  values  into  equation  5.13. 

In  practice  however,  several  experimental  realities  must  first  be  addressed.  First, 
the  values  of  pixel  intensity  in  the  regions  of  the  image  corresponding  to  regions  of  pure 
air  are  not  entirely  uniform.  The  variation  in  scattering  intensity  in  the  air  is  due  to  slight 
variations  in  scattering  particle  number  density  and  size  distribution.  The  effects  of 
particle  size  are  clearly  demonstrated  by  considering  the  effects  of  a  large  particle  passing 
through  the  plane  of  view  and  scattering  far  more  light  than  any  other  particle  in  the  field 
of  view  of  the  image.  Setting  I i  equal  to  the  pixel  intensity  corresponding  to  the  scatter 
from  such  a  large  particle  would  result  in  a  value  of  which  is  not  indicative  of  the 
freestream  air  as  a  whole.  In  the  current  study,  a  probability  distribution  function  (PDF) 
of  pixel  intensity  was  used  to  identify  a  reasonable  upper  bound  of  the  freestream  pixel 
intensity  (Jj).  The  scatter  from  the  large  particles  and  higher  than  average  number 
density  of  particles  in  the  air  appeared  as  a  relatively  small  number  of  pixels  with 
intensity  values 

I  >  Ij-  Any  pixel  location  which  incurred  an  intensity  value  larger  than  the  selected 
value  of  Ij  for  any  of  the  instantaneous  images  in  the  set  was  considered  undefined  and 
automatically  assigned  a  mixedness  value  of  mj=  1.0.  This  value  of  mj=  1.0  stands  out 
in  regions  of  partial  to  low  mixing.  This  same  problem  of  nonuniform  scatter  is  also 
encountered  in  regions  of  pure  helium,  although  to  a  much  smaller  extent.  The  intensity 
values  less  than  the  judiciously  chosen  value  of  I2  were  also  considered  undefined  and 
assigned  a  value  of  »7/=  1.0  for  the  mixedness  images. 

The  second  experimental  factor  is  that  a  region  of  pure  helium  only  appears  in 
face-on  images  at  X/h  =  1.  Downstream,  the  helium  has  mixed  with  the  air;  thus 
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determining  a  value  for  the  minimum  scattering  occurring  in  pure  helium  {I2)  must  be 
either  approximated  based  on  images  at  X/h  =  1  or  assigned  according  to  the  intensity 
PDF  for  the  image. 

The  mixedness  maps  of  the  face-on  images  located  at  X/h  =  2,  4,  6.8,  and  10  for 
the  circular  (C)  nozzle  case  (Figure  5.35)  show  the  progression  of  mixing  downstream. 
The  contrast  has  been  increased  in  the  images,  using  a  computer  graphics  program,  to 
highlight  the  mixedness  trends  so  that  the  gray  scale  represents  the  relative  mixedness 
values  with  black  and  white  both  falling  between  0  <  m/  <  1  with  black  indicating  low 
mixing  and  white  indicating  a  higher  degree  of  mixing.  Initially,  the  mixing  around  the 
circumference  of  the  jet  is  contained  in  a  small  layer  and  the  helium  at  the  center  of  the 
jet  remains  unaffected  by  the  mixing  layers.  The  helium  at  the  center  of  the  jet  is 
relatively  undisturbed  at  X/h  =  2.  The  mixing  layer  grows  in  thickness  downstream. 
The  standard  deviation  values  in  the  mixing  layer  increase,  and  the  mixedness  values 
decrease,  as  energy  is  transferred  from  large-  to  small-scale  eddies.  This  continues  imtil  a 
transition  point  is  reached  where  the  mixedness  and  standard  deviation  reach  a  minimum 
and  a  maximum  value,  respectively.  Then  the  standard  deviation  decreases 
asymptotically  to  zero  downstream  and  mj  reaches  a  value  of  1  as  the  flow  undergoes 
relaminarization.  Judging  from  the  mixedness  images  in  Figure  5.35  this  transition  has 
occurred  by  X/h  =10  because  the  mixedness  values  have  increased  and  the  region  of 
mixing  has  stopped  growing,  i.e.,  the  spread  rate  has  decreased. 

The  mixedness  maps  of  all  the  nozzle  configurations  from  the  face-on  images  at 
X/h  =10  clearly  show  that  the  helium  jets  emenating  from  the  T1  and  El  nozzle 
configurations  have  mixed  most  with  the  freestream  air  by  this  location  downstream 
(Figure  5.36).  The  low  values  of  mixedness  in  the  C,  T3  and  E3  cases  indicate  that  there 
is  still  significant  mixing  activity  occurring  in  these  jets  at  X/h  =10.  Profiles  along  a 
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vertical  and  horizontal  line  through  the  center  of  each  image  show  the  relative  values  of 
mixedness  in  each  case. 

The  mottled  appearance  of  the  mixedness  maps  and  the  nonuniformity  of  the 
intensity  profiles  along  a  line  in  a  region  of  uniform  mixing,  such  as  in  the  freestream,  is 
primarily  due  to  the  small  number  of  sample  images  (20)  in  each  set.  Subsequent 
experiments  involving  normal  injection  were  performed  in  the  same  tunnel  with  100 
sample  images  at  each  location  [Gruber  1995].  The  mixedness  maps  generated  from 
these  100  images  show  a  more  uniform  distribution  in  the  freestream  mixedness  values. 
Furthermore,  analysis  of  these  images  showed  that  the  estimated  standard  deviation 
computed  from  20  images  were  much  higher  than  those  estimated  using  50  and  100 
images  from  the  same  set,  with  the  standard  deviation  values  for  50  and  100  being  nearly 
identical.  This  suggests  that  under  sampling  effects  may  be  present  in  the  ensembles  of 
20  images  used  in  the  current  study. 

These  higher  standard  deviation  values  result  in  lower  mixedness  values  as 
dictated  by  equation  5.13.  A  conservative  choice  of  Ij  and  I2  (i.e.,  not  the  absolute 
maximum  and  minimum  pixel  intensities  of  the  image)  also  acts  to  limit  the  mixedness 
range  to  a  lower  bound  greater  than  zero  and  an  upper  bound  less  than  the  theoretical 
value  of  one.  The  small  number  of  samples,  which  gives  elevated  standard  deviation 
values,  and  the  conservative  choice  of  7;  and  I2  explain  why  the  mixedness  values  in  the 
freestream,  seen  in  the  vertical  line  profiles  (Figure  5.37)  are  less  than  0.6  rather  than 
spanning  the  range  from  0  to  1.  Comparison  of  the  horizontal  profiles  for  the  different 
nozzle  geometries  shows  the  T1  and  El  case  to  have  the  largest  values  of  mixedness  in 
the  jet  region  indicating  these  jets  are  further  along  in  the  progression  towards  full 
mixing.  On  the  other  hand,  the  contours  for  the  other  cases  (C,  T2,  T3,  E2,  E3)  show  low 
mixedness  values  in  the  regions  cutting  across  the  mixing  layers  of  the  jet  suggesting 
these  jets  are  not  as  far  along  in  the  process  toward  the  fully  mixed  condition.  The  peak 
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values  at  the  center  of  the  jet,  as  seen  in  the  horizontal  line  profiles  in  Figure  5.38, 
suggest  that  this  region  is  just  entering  into  the  mixing  process  and  is  on  the  downward 
portion  of  the  mixedness  curve  before  the  transition  point.  Since  the  transition  point  for 
the  jet  as  a  whole  is  believed  to  be  located  upstream  of  X/h  =10,  lower  levels  of 
mixedness  at  X/h  =  10  suggest  poorer  mixing.  The  mixedness  profiles  along  a  vertical 
line  across  the  center  of  the  images  show  mixedness  for  the  T1  and  El  case  to  be  the 
greatest  at  X/h  =10  and  less  for  the  other  cases. 

A  detailed  set  of  experiments  in  a  simple  free  shear  layer  would  prove  useful  in 
further  characterizing  equation  5.12  and  establishing  practical  limits  of  application  using 
flow  visualization  and  possibly  other  measurement  techniques. 

5.3  Laser  Doppler  Velocimetry  Results 

Each  flow  visualization  image  provides  qualitative  information  about  an  entire  plane 
of  the  flow  whereas  each  LDV  measurement  provides  quantitative  data  at  a  single  point. 
Thus,  the  regions  of  the  flow  field  represented  by  the  total  group  of  Rayleigh/Mie  images 
is  much  more  inclusive  than  the  total  group  of  LDV  profiles.  However,  since  images  and 
LDV  measurement  provide  different  information,  their  combination  is  complimentary. 

Laser  Doppler  velocimetry  (LDV)  is  a  nonintrusive  velocity  measurement 
technique  which  provides  a  quantitative,  statistical  velocity  and  turbulence  information  in 
the  flow.  In  this  chapter,  the  base  flow,  no  injection  (N)  case,  is  addressed  first  followed 
by  the  baseline  helium  injection  case  using  the  circular  (C)  nozzle.  A  comparison  is  then 
made  between  the  baseline  injection  case  (C)  and  two  other  injection  cases  using  the 
circular-with-tabs  nozzle  (Tl)  and  the  elliptic  nozzle  (El)  (see  Figure  3.7). 

Approximately  5,120  instantaneous  velocity  realizations  were  recorded  at  each 
measxirement  point  (fewer  in  the  low  seed  regions).  This  is  a  substantial  sample  for  mean 
flow  and  second  order  statistics  and  appears  to  be  a  large  enough  sample  to  also  compute 
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meaningful  third  order  and  perhaps  fourth  order  statistics.  The  mean  velocity,  turbulence 
intensity ,  shear  stresses,  and  turbulent  triple  products  were  calculated  using  the  equations 
presented  in  this  section.  Complete  derivations  are  included  in  Appendix  C  for  reference. 
The  mean  streamwise  and  transverse  velocities,  t/  and  V,  are  defined  as 


and 


5.15 


5.16 


where  U]^  and  V]^  are  the  instantaneous  velocities.  Then,  the  fluctuating  streamwise  and 
transverse  components  of  velocity  are  defined  as 


and 


u  =  U-U, 


5.17 


v  =  V-V. 


5.18 


Each  of  the  calculated  values  are  normalized  by  the  reference  velocity  (Ufej),  which  is 
equal  to  the  ideal  Mach  2  tunnel  velocity  (fireestream  velocity  before  flow  separation  at 
the  end  of  the  strut)  at  the  measured  stagnation  temperature.  The  velocity  standard 
deviation  values  for  w  and  v  are  denoted  as  Gy  and  Oy  respectively  and  are  defined  as 


and 


5.19 
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5.20 


The  streamwise  and  transverse  turbulence  intensities  are  defined  as 


and 


5.21 


5.22 


The  streamwise  (X),  transverse  (Y),  and  spanwise  (Z)  distances  measured  from 
the  origin  of  the  reference  coordinate  system  at  the  base  of  the  strut  (Figure  3.2)  are 
normalized  by  the  strut  thickness  (h  =  1 .27  cm)  on  all  the  LDV  results. 

LDV  profiles  were  taken  in  the  (X,Y)  plane  passing  through  the  centerline  of  the 
strut  (Z  =  0)  at  stations  X/h  =  -2,  -1,  0, 1,  2, 4,  6.8  and  10.  In  addition,  LDV  profiles  were 
taken  in  the  (X,Z)  plane  passing  through  the  centerline  of  the  strut  (Y  =  0)  at  stations  X/h 
=  2  and  6.8.  The  LDV  profiles  in  the  (X,Y)  and  (X,Z)  planes  are  presented  separately  to 
maintain  a  clear  distinction  between  the  two  orientations.  Two  different  formats  are 
presented.  First,  velocity  distributions  from  consecutive  streamwise  stations  are 
displayed  in  series  on  the  same  page  with  the  horizontal  spacing  between  the  plots 
proportional  to  the  true  streamwise  distance  between  profiles.  This  overall  view 
emphasizes  the  progression  of  the  flow  characteristics  with  downstream  direction. 
Second,  a  composite  superimposed  view  of  these  same  profiles  is  shown.  This  view 
emphasizes  the  relative  shape  and  magnitude  of  the  velocity  and  turbulence  distributions. 
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5.3.1  Incoming  primary  flow  conditions 


Figure  5.39  shows  the  LDV  profiles  of  the  normalized  mean  streamwise  velocity 
taken  at  three  streamwise  stations  above  and  below  the  strut  just  upstream  of  the  base  of 
the  strut.  These  profiles  lie  within  the  streamwise  (X,Y)  plane  on  the  strut  centerline  (Z  = 
0).  The  streamwise  locations  of  the  stations  are  referred  to  in  terms  of  streamwise 
distance  (X)  measured  fi-om  the  origin  of  the  reference  coordinate  system  (see  Figure  3.2) 
normalized  by  the  strut  thickness  (h  =  1.27  cm).  Since  these  particular  LDV  profiles  are 
upstream  of  the  base  of  the  strut,  their  X  coordinate  is  negative,  resulting  in  negative 
values  of  X/h.  The  three  stations  shown  in  Figure  5.39  are  located  at  X/h  =  -2,  -1,  and  0. 

The  solid  circles  in  this  figure  represent  the  normalized  mean  streamwise  velocity 
values  obtained  from  the  two-component  LDV  measurements,  while  the  solid  triangles 
show  the  mean  streamwise  velocity  values  obtained  from  the  one-component  LDV 
measurements.  The  two-component  LDV  measurements  provide  transverse  and 
streamwise  velocities  up  to  about  1 .9  mm  from  the  strut  and  the  top  and  bottom  wind 
tunnel  wall  surfaces.  Attempts  to  move  the  measurement  volume  closer  to  the  strut  or 
wall  resulted  in  one  of  the  beams  forming  the  measurement  volume  being  blocked  by  the 
tunnel  side  wall  or  the  strut,  thus  inhibiting  the  formation  of  the  measurement  volume. 
The  one-component  LDV  measurements  provide  streamwise  velocities  from  0.25  mm  to 
1.65  mm  off  the  strut  and  wall  surfaces.  The  velocity  scale  is  located  on  the  bottom  axis 
of  each  of  the  three  plots  and  labeled  on  the  plot  for  station  X/h  =  -2.  The  transverse 
location  of  each  measurement  point,  given  in  terms  of  Y/h,  is  marked  on  the  left  most 
axis.  The  mean  streamwise  velocity  profiles  upstream  and  at  the  base  of  the  strut  show 
the  incoming  freestream  flow  to  be  uniform  and  symmetric  above  and  below  the  strut. 
The  freestream  Mach  number  was  calculated  to  be  1.92  with  a  unit  Reynolds  number  in 
the  freestream  of  4.4  x  10^  m‘l,  see  Appendix  A. 
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Figure  5.40  shows  the  streamwise  component  of  turbulence  intensity  for  the 
measurements  taken  in  the  (X,Y)  plane  at  stations  X/h  =  -2,  -1,  and  0.  The  empty  circles 
and  the  empty  triangles  show  the  normalized  streamwise  turbulence  intensities  from  the 
two-component  and  one-component  LDV  measurements,  respectively.  The  scale  for  the 
streamwise  turbulence  intensities  is  located  on  the  bottom  axis  of  each  of  the  three  plots 
and  labeled  on  the  plot  at  station  X/h  =  -2.  Turbulence  intensities  in  the  freestreams  are 
less  than  1%  and  increase  to  about  7%  in  the  boundary  layer.  The  low  turbulence 
intensity  in  the  ffeestream  signifies  a  uniform  and  disturbance-free  flow. 

There  is  a  slight  deviation  between  the  mean  velocity  and  more  noticeably  the 
turbulence  intensity  values  for  the  one-  and  two-  component  measurements.  This 
deviation  stems  from  the  differences  between  the  measurement  volumes  and  the 
associated  signal  processing  for  the  one-  and  two-  component  LDV  systems.  The  general 
measurement  sources  of  error  include:  spatial  averaging  over  the  entire  measurement 
volume,  bias  toward  higher  velocities,  statistical  imcertainty,  counter  resolution,  particle 
lag,  and  fringe  biasing.  Precautions  were  taken  to  reduce  the  potential  for  error  by  using 
the  optimal  fringe  orientation  of  ±  45°  to  the  mean  flow  velocity  for  the  two-component 
system,  a  40  MHz  frequency  shift  of  one  of  the  beams  forming  the  measurement  volume 
to  distinguish  directionality,  using  seed  particles  small  enough  to  follow  the  turbulent 
fluctuations  to  avoid  particle  lag  problems,  and  taking  an  adequate  sample  size  to 
minimize  statistical  uncertainty.  The  consistency  of  the  off-set  between  the  one-  and 
two-  component  streamwise  mean  velocity  and  turbulence  intensity  values  suggests  a 
slight  difference  in  the  measurement  system  such  as  measurement  volume  location  or 
deviation  of  the  beam  orientations  incurred  during  operation  of  the  tunnel. 

The  boundary  layer  thickness  (5)  determined  from  velocity  profiles  is  typically 
defined  as  the  location  at  which  the  boundary  layer  velocity  reaches  99%  of  the 
freestream  velocity.  The  mean  streamwise  velocity  profile  at  X/h  =  -1  (the  station  which 
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is  both  closest  to  the  end  of  the  strut  and  upstream  of  possible  effects  from  the  expansion 
at  the  base  of  the  strut)  shows  the  99%  boundary  layer  thickness  to  be  approximately  5.6 
mm. 

The  extensive  data  available  in  the  literature  and  established  theoretical  laws 
developed  for  the  boundary  layer  can  be  employed  to  verify  the  condition  of  the 
incoming  flow.  Figure  5.41  shows  the  LDV  velocity  profile  at  X/h  =  -1  (including  the 
one-  and  two-  component  data)  superimposed  on  a  turbulent  boundary  layer  curve  fit. 
The  curve  fit  was  computed  using  the  Wall  and  Wake  Laws  [Sun  and  Childs  1973]  with  6 
=  5.6  mm,  a  coefficient  of  skin  friction  of  Cf=  0.0016,  and  thermodynamic  properties  of 
the  Mach  1.92  freestream  air.  Using  the  Van  Driest  II  equations  and  theory,  Maise  and 
McDonald  [1968]  have  shown  the  velocity  profiles  for  compressible  boundary  layers  to 
collapse  onto  a  single  line.  Figure  5.42  shows  that  the  results  derived  from  the  current 
data  are  in  agreement  with  the  data  obtained  in  previous  studies.  An  explanation  of  the 
Van  Driest  II  derivation  and  the  information  necessary  for  the  relevant  calculations  are 
contained  in  Schetz  [1993]. 

Figure  5.43  shows  turbulence  intensities  obtained  from  the  LDV  data  of  this  study 
superimposed  on  the  data  from  previous  studies  of  undisturbed  turbulent  boundary  layers 
[Kuntz  et  al.  1987].  Considering  that  the  velocity  data  from  previous  studies  shows 
experimental  results  from  a  range  of  flow  conditions  from  Mach  1.72  to  3.88,  the  data 
from  this  study  fall  within  the  expected  range  for  a  turbulent  Mach  1 .92  boundary  layer. 

In  summary,  comparison  of  the  current  data  with  well  established  theory  and 
experimental  data  shows  that  the  incoming  flow  in  the  present  study  is  a  well  behaved, 
fully  developed  turbulent  boundary  layer.  Details  of  the  calculations  used  to  determine 
the  boundary  layer  characteristics  are  contained  in  Appendix  D. 
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5.3.2  Baseline  no  injection  (N)  flow  field 

The  flow  field  without  injection  was  examined  first  to  establish  a  reference  baseline 
case  against  which  the  effects  of  helium  injection  through  different  nozzle  geometries 
could  be  evaluated.  LDV  velocity  profiles  were  taken  downstream  of  the  base  of  the  strut 
in  the  (X,Y)  plane  at  streamwise  locations  X/h  =  0,  1,  2,  4,  6.8,  and  10.  LDV  velocity 
profiles  were  also  taken  in  the  (X,Z)  plane  at  streamwise  locations  X/h  =  2  and  6.8. 

5.3.2. 1  LDV  profiles  in  the  (X,Y)  plane 

Mean  Velocity 

Nondimensional  mean  streamwise  velocity  profiles  for  the  base  flow  without  helium 
injection  are  shown  in  Figure  5.44.  This  figure  presents  the  series  of  LDV  velocity 
profiles  taken  in  the  (X,Y)  plane  at  stations  X/h  =  0,  1,  2,  4,  6.8,  and  10.  All  velocity 
measurements  are  normalized  with  the  reference  velocity  (UreJ)  distances  are 

normalized  with  the  strut  height  (h  =  1.27  cm).  The  format  of  these  plots  is  the  same  as 
that  described  in  the  preceding  section,  except  that  these  profiles  show  only  two- 
component  LDV  data.  These  6  profiles  are  placed  on  the  page  with  the  horizontal 
spacing  between  them  being  proportional  to  the  streamwise  distance  between 
measurement  stations  at  X/h  =  0, 1,2, 4",  6.8,  and  10.  The  horizontal  spacing  on  the  page 
is  1.5  times  the  true  streamwise  spacing  between  stations,  while  the  vertical  scale  on  the 
page  is  nearly  the  same  size  as  the  true  transverse  scale. 

At  all  stations,  the  presence  of  the  wake  behind  the  strut  can  clearly  be  seen  in  the 
center  of  the  flow.  The  presence  of  a  shear  layer  at  the  top  and  bottom  edges  of  the  wake 
are  clearly  visible.  Immediately  downstream  of  the  strut,  a  recirculation  zone  is  present, 
with  associated  reverse  mean  streamwise  velocities.  The  first  station  downstream  of  the 
base  of  the  strut  (X/h  =1),  shows  a  maximum  normalized  reverse  velocity  equal  to  8%  of 
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the  reference  velocity  (UfgJ).  Petrie  et  al.  [1986]  recorded  reverse  velocities  up  26  %  of 
the  supersonic  freestream  velocity  in  a  backfacing  step  configuration  with  a  Mach  2.07 
approach  flow.  Likewise,  Amatucci  et  al.  [1992]  reported  reverse  velocities  up  to  23% 
of  the  supersonic  freestream  velocity  for  a  strut  configuration  with  a  Mach  2.56  stream 
above  and  a  Mach  2.05  stream  below  the  strut.  In  the  present  study,  the  relatively  few 
measurement  stations  in  the  near-field  of  the  strut  do  not  capture  the  overall  maximum 
reverse  velocity  behind  the  step.  Measurements  at  additional  stations  between  X/h  =  0 
and  1  would  certainly  reveal  a  peak  reverse  velocity  larger  than  8%  of  the  freestream 
reference  velocity. 

Since  the  mean  streamwise  velocities  switch  from  negative  to  positive  values  at  the 
end  of  the  recirculation  zone,  the  length  of  the  recirculation  zone  is  defined  as  the 
distance  along  the  centerline  to  the  location  of  the  rear  stagnation  point  where  U  =  0. 
From  Figure  5.44,  it  appears  that  this  transition  along  the  X-axis  occurs  between  the 
station  X/h  —  1  ( \5/Ufgj=  -0.08)  and  X/h  =  2  ( \]/Ufgj'=  0.52).  A  curve  fit  approximation 
of  the  centerline  mean  streamwise  velocity  values  shown  in  Figure  5.45  gives  U/f/^gy=  0 
at  X/h  =1.1.  This  value  is  lower  than  the  values  reported  by  Samimy  and  Addy  [1986] 
and  Amatucci  et  al.  [1992]  for  similar  configurations.  Samimy  and  Addy  reported  a  rear 
stagnation  point  at  X/h  =  1.38  for  a  Mach  2.07  stream  above  and  a  Mach  1.50  stream 
below  a  2.54  cm  thick  strut.  Likewise,  Amatucci  et  al.  [1992]  reported  impingement  of 
the  shear  layers  at  approximately  X/h  =  1.37  for  a  Mach  2.56  stream  above  and  a  Mach 
2.05  stream  above  a  2.54  cm  thick  strut.  The  rear  stagnation  point  in  this  study,  X/h  = 

1 .1,  is  closer  to  that  observed  in  a  subsonic  flow,  X/h  =  0.9,  by  Raffoul  [1995]  than  in  the 
supersonic  flows  studied  by  Amatucci  et  al.  [1992]  and  Samimy  and  Addy  [1986].  This 
may  be  attributed  to  the  fact  that  the  two  streams  in  this  study  and  the  subsonic  study  by 
Raffoul  were  equal  velocity  and  pressure  matched  whereas  the  two  streams  in  the  studies 
by  Amatucci  et  al.  [1992]  and  Samimy  and  Addy  [1986]  were  different  velocities. 
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At  the  end  of  the  recirculation  zone,  the  two  streams  expanding  over  either  side  of 
the  strut  merge  and  the  flow  is  compressed  further.  The  finite  region  where  this  occurs, 
in  the  vicinity  of  X/h  =  1 . 1  for  this  study,  is  referred  to  as  the  recompression  region.  In  a 
backfacing  step  configuration,  instead  of  two  streams  merging,  the  single  stream 
reattaches  to  the  surface  of  the  tunnel  wall.  The  flow  over  the  edge  of  the  backfacing  step 
is  indicative  of  the  flow  over  one  side  (top  or  bottom)  of  the  strut.  The  primary 
difference  occurs  downstream,  where  the  reattachment  boimdary  conditions  at  the  wall 
differ  from  the  merging  conditions  between  the  two  streams  flowing  on  either  side  of  a 
strut.  Thus,  the  initial  behavior  of  the  flow  field  at  the  base  of  the  backfacing  step  is  to 
some  degree  similar  to  the  flow  field  around  the  strut  and  can  be  used  for  comparison. 

Figure  5.46  presents  a  composite  view  of  the  six  velocity  profiles  shown  in  Figure 
5.44.  Clearly  evident  here  is  the  drastic  change  in  velocity  deficit  in  the  recompression 
region  between  stations  X/h  =  1  and  X/h  =  2.  After  this  marked  change,  the  wake 
continues  to  decay  gradually  downstream  with  an  increasing  minimum  velocity  that 
reaches  a  value  of  U  IVref~  0-78  by  station  X/h  =10.  The  initial  rapid  recovery  and  the 
subsequent  slow  recovery  of  the  mean  velocity  deficit  is  consistent  with  data  from 
Samimy  and  Addy  [1986]  and  Amatucci  et  al.  [1992]  for  similar  configurations.  It 
appears  that  the  minimum  velocity  values  in  the  wake  region  of  the  present  study  shift  in 
the  negative  transverse  (Y)  direction  with  each  successive  downstream  location.  This 
suggests  that  the  wake  is  skewed  toward  the  bottom  tunnel  wall,  which  is  an  important 
consideration,  especially  when  interpreting  turbulent  shear  stress  results.  It  is  likely  that 
the  skewness  is  caused  by  an  asymmetry  in  the  tunnel  or  flow,  downstream  of  the  strut, 
rather  than  an  inequality  between  the  two  streams  upstream  of  the  base  of  the  strut.  This 
is  because  an  inequality  upstream  of  the  base  of  the  strut  would  tend  to  equalize 
downstream  of  the  strut  which  it  does  not. 
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The  width  of  the  wake,  which  is  indicated  by  the  velocity  deficit,  is  a  fraction  larger 
than  the  thickness  of  the  strut.  The  velocity  deficit  appears  to  span  a  distance  of 
approximately  1.3  strut  thicknesses  by  station  X/h  =  4  and  maintains  a  limited  span 
downstream  at  X/h  =  6.8  and  10.  This  limited  span  of  the  wake,  formed  by  the  mixing 
layers,  is  also  shown  on  the  schlieren  image  in  Figure  5.1.  Raffoul  [1995]  found  the 
width  of  the  wake  in  the  near-field  behind  a  bluff  body  in  subsonic  flow  to  be  a  constant 
value  equal  to  1.2  times  the  base  thicknesses  (h  =  1.27  cm).  Thus,  it  appears  that  the 
growth  of  the  wake  created  by  flow  past  a  strut  (or  bluff  body)  is  limited  in  supersonic 
and  subsonic  conditions  alike  and  that  this  limited  width  of  the  wake  is  only  a  fraction 
larger  than  the  strut  width. 

The  maximxim  values  in  the  velocity  profiles  are  a  result  of  the  flow  acceleration 
through  the  expansion  waves  emanating  from  the  base  of  the  strut.  The  maximum 
velocity  occurs  just  before  the  flow  passes  through  the  recompression  shock  waves,  after 
which  the  flow  velocity  decreases.  Thus,  the  shock  location  can  be  identified  as  the  point 
of  transition  between  the  peak  velocity  and  the  velocity  decrease.  The  velocity  decrease 
incurred  at  the  shock  wave  is  not  to  be  confused  with  the  velocity  deficit  in  the  wake 
region. 

Figure  5.47  presents  the  mean  transverse  velocity  profiles  in  the  (X,Y)  plane  at 
stations  X/h  =  0,  1,  2,  4,  6.8,  and  10.  This  is  the  second  component  of  the  two- 
component  LDV  measurements,  the  streamwise  velocity  component  (Figures  5.44  to 
5.46)  being  the  first.  As  in  Figure  5.44,  each  of  these  6  profile  plots  is  placed  on  the 
same  page  with  horizontal  spacing  on  the  page  proportional  to  the  streamwise  distance 
between  measurement  stations  at  X/h  =  0, 1,  2,  4,  6.8,  and  10. 

The  mean  transverse  profiles  are  distinctly  anti-symmetric  at  all  stations.  This  is  a 
consequence  of  the  transverse  velocity  being  directed  toward  the  strut  centerline  to 
equalize  the  relatively  low  pressure  region  incurred  at  the  base  of  the  strut.  Amatucci  et 
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al.  [1992]  showed  a  drastic  pressure  gradient  behind  the  base  of  a  strut  in  a  similar  flow 
field.  They  recorded  the  ratio  of  maximum  static  pressure  in  the  freestream  to  the 
minimum  pressure  directly  behind  the  strut  to  be  5.48.  Therefore,  it  follows  that  as  the 
pressure  is  equalized,  the  flow  becomes  more  uniform  downstream  and  the  amplitude  of 
the  anti-symmetry  decreases  from  peak  values  of  7/  =  ±  2.8  at  X/h  =  1  to 

V /  =  +  0.1  at  X/h  =  10,  as  seen  in  Figure  5.47. 

Figure  5.48  presents  a  composite  view  of  the  six  velocity  profiles  shown  in  Figure 
5.47.  This  view  emphasizes  the  relative  shape  and  magnitude  of  the  velocity 
distributions  at  each  station.  Like  the  streamwise  mean  velocity  values,  the  transverse 
mean  velocity  values  are  highest  in  the  region  of  the  expansion  fan  (due  to  flow 
acceleration)  with  the  peak  velocity  occurring  just  before  the  flow  passes  through  the 
shock  wave.  The  minimum  and  maximum  values  of  transverse  velocity  on  both  sides 
match  in  magnitude  within  ±  0.4  %  of  each  other  at  X/h  =  1  and  within  +  9%  at  X/h  =10. 
The  peak  velocity  values  move  well  outside  of  the  wake  region  downstream  and  decrease 
from  I  V /Ufgj\  =  0.27  at  station  X/h  =  1  to  I  V  =  0. 1 0  at  station  X/h  =10. 

The  transition  point  between  the  positive  transverse  velocity  values  ( V  >  0  below 
the  center  of  the  wake)  and  the  negative  values  (  V  <  0  above  the  center  of  the  wake)  is 
identified  by  a  transverse  velocity  value  of  zero  V  =  0.  In  agreement  with  the 
streamwise  velocity  profiles,  the  center  of  the  wake  region  (marked  by  V  =  0)  shifts 
slightly  in  the  negative  transverse  (Y)  direction  from  Y/h  =  0  at  station  X/h  =  1  to  Y/h  = 
0.2  at  station  X/h  =10. 

The  mean  streamwise  and  transverse  velocity  components  are  combined  to 
generate  the  composite  vector  representation  shown  in  Figure  5.49.  The  velocity 
distribution  shows  the  approach  and  separation  of  the  two  boundary  layers  from  the  upper 
and  lower  surfaces  of  the  strut,  the  recompression  region  around  X/h  =  1  where  the 
velocity  vectors  show  the  two  shear  layers  coming  together,  and  the  recovery  of  the 
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streamwise  velocity  deficit  in  the  wake  of  the  strut.  The  turbulent  mixing  that  occurs  at 
the  recompression  region  and  in  the  region  immediately  following  it  acts  to  reduce  the 
velocity  deficit,  resulting  in  a  relatively  uniform  velocity  distribution  in  the  wake  region 
by  X/h  =  10. 

The  mean  transverse  and  streamwise  velocity  profiles  presented  in  Figures  5.41  to 
5.49  show  that  the  wake  is  limited  to  a  width  on  the  order  of  the  strut  thickness  and  that 
drastic  velocity  gradients  occur  in  the  region  between  the  base  of  the  strut  and  the 
recompression  region.  The  maximum  turn  angle  of  the  flow  towards  the  center  of  the 
strut  according  to  the  streamwise  and  transverse  velocity  components  is  18'  and  occurs  at 
X/h  =1.  This  maximum  turn  angle  corresponds  to  the  fluid  that  experienced  the  greatest 
expansion  and  thus  lies  adjacent  to  the  slipline  shown  in  Figure  5.3.  The  agreement 
between  the  angle  determined  from  the  LDV  data  and  the  Rayleigh/Mie  scattering  image 
(discussed  in  Section  5.2.1)  demonstrates  how  the  quantitative  velocity  data  and  the 
qualitative  visualizations  (which  as  shown  here  contains  some  quantitative  information) 
compliment  each  other.  The  extreme  velocity  gradients,  followed  by  more  gradual 
velocity  gradients  downstream ,  can  be  attributed  to  the  equalization  of  pressure,  which  is 
the  driving  force  of  the  flow  expansion  around  the  base  of  the  strut. 

Turbulent  normal  and  shear  stresses 

Turbulent  normal  stresses  (uu  and  w)  and  shear  stress  (mv)  are  defined  as  the 
mean  rates  of  momentum  transfer  per  unit  area  by  the  fluctuating  motion  of  a  fluid. 
Turbulent  stresses  are  the  driving  force  responsible  for  fluid  mixing  in  turbulent  flows. 
Turbulent  normal  stresses  {uu  and  vv)  are  discussed  here  in  terms  of  turbulence 
intensities  which  where  previous  defined.  The  relationship  between  these  two  quantities 
is: 
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5.23 


and, 

where  n  is  the  number  of  samples  in  the  summation  set  (20  in  the  present  study). 

Figure  5.50  shows  the  streamwise  turbulence  intensity  profiles  taken  in  the  (X,Y) 
plane  at  stations  X/h  =  0,  1,  2,  4,  6.8,  and  10.  As  expected,  the  turbulence  intensity 
distribution  shows  a  double  hump  behavior  in  the  wake  region  due  to  the  presence  of  the 
mixing  layers  formed  between  the  primary  flow  and  the  recirculating  flow  at  the  base  of 
the  strut.  The  local  peak  turbulence  intensity  values  in  the  wake  region  occur  at  the 
locations  where  the  mean  streamwise  velocity  gradients  are  high  (see  Figure  5.46). 

Figure  5.51  shows  the  superimposition  of  the  streamwise  turbulence  intensity 
profiles  taken  in  the  (X,Y)  plane  at  streamwise  stations  X/h  =  0, 1, 2, 4,  6.8,  and  10.  The 
maYimiim  turbulence  intensity  {<5-JUyQf=  0.23)  occurs  in  the  recompression  region  at 
X/h  =1.0.  This  superimposed  perspective  shows  the  drastic  decrease  in  the  peak  values 
of  turbulence  intensity  immediately  downstream  of  the  rear  stagnation  point  and  then  a 
more  gradual  decrease  in  turbulence  intensity  to  a  value  of  OxJUref~  0.055  at  X/h  =10. 
The  maximum  value  of  turbulence  intensity  at  X/h  =  1 0  is  comparable  to  the  turbulence 
intensity  value  in  the  boimdary  layer  on  the  tunnel  wall  along  the  entire  test  length. 
Similar  results  were  reported  by  Samimy  and  Addy  [1986]  and  Amatucci  et  al.  [1992]. 
They  recorded  high  turbulence  intensities  {OyxIUref^  0.30)  in  the  recompression  region 
followed  by  a  rapid  decrease  downstream,  in  similar  configurations  involving  supersonic 
flow  past  a  1.27  cm  thick  strut.  Amatucci  et  al.[1992]  investigated  a  Mach  2.05  stream 
on  top  of  the  strut  and  a  Mach  2.56  stream  on  the  bottom,  while  Samimy  and  Addy’s 
investigation  involved  a  Mach  2.07  stream  on  top  and  a  Mach  1.50  stream  on  bottom  of 
the  strut.  This  trend  of  high  turbulence  intensities  in  the  recompression  and  recovery 
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region  indicates  the  presence  of  strong  mixing  and  turbulence  in  the  recompression  and 
recovery  region.  The  local  peaks  in  turbulence  intensity  between  the  wake  region  and  the 
boundary  layer  seen  in  the  profiles  at  stations  X/h  =  4,  6.8,  and  10  shows  the  disturbance 
of  the  flow  passing  through  the  recompression  shock  waves. 

Figure  5.52  shows  the  transverse  turbulence  intensity  in  the  (X,Y)  plane  at 
stations  X/h  =  0,  1,  2, 4,  6.8,  and  10.  The  elevated  transverse  turbulence  intensity  values 
shown  here  span  the  same  region  as  the  elevated  streamwise  turbulence  intensity  values 
in  Figure  5.50,  although,  the  transverse  turbulence  intensity  values  exhibit  a  single  rather 
than  a  double  hump  behavior.  Furthermore,  the  maximum  turbulence  intensity  value 
0.14)  occurring  at  X/h  =  1  (Figure  5.53)  is  significantly  lower  than  the  peak 
streamwise  value  {C5jUref=  0.23)  also  occurring  at  X/h  =  1,  and  the  rate  of  decay  is 
comparably  less  in  the  recompression  region  between  station  X/h  =  1  and  2. 

In  an  isotropic  flow,  the  turbulence  intensities  are  equal  in  every  direction  and 
therefore  the  ratio  of  ctu/Oy  is  everywhere  equal  to  one.  This  is  obviously  not  the  case  in 
the  present  flow.  Figure  5.54  shows  the  ratio  of  Gu/ay  for  the  LDV  profiles  in  the  (X,Y) 
plane.  The  ratio  G^/cTy  reaches  an  average  value  of  G^/Oy  =  0.7  in  the  ffeestream  at  X/h 
—  10.  The  ratio  G^/Gy  deviates  most  from  the  ideal  isotropic  value  of  one  in  the  wake 
region  at  each  streamwise  station.  In  the  wake  region,  Gu/Gy>l  and  the  fluctuations  of 
the  streamwise  velocity  dominate  the  fluctuation  in  the  transverse  velocity.  G^/Gy 
reaches  a  maximum  value  of  approximately  1.7  at  X/h  =  1  in  the  vicinity  of  the 
recompression  region  (Figure  5.55).  This  is  opposite  to  the  condition  for  incompressible 
flow  where  the  peak  transverse  turbulence  intensity  is  approximately  2.5  times  the  value 
of  the  peak  streamwise  turbulent  intensity  value  in  the  wake  [Raffoul  1995]. 

Turbulent  shear  stress  (mv)  plays  a  dominant  role  in  the  mean  momentum  transfer 
in  turbulent  flows  [Tennekes  and  Lumley  1972];  shear  stress,  for  example,  is  the  primary 
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factor  in  the  formation  of  vortices  in  a  shear  flow.  The  normalized  turbulent  shear  stress 


is  defined  as 


_  nk=\ 


Ure/ 


MV 


5.25 


where  n  is  the  number  of  samples  in  the  summation  set  (20  in  this  study)  and  Uf^yis  the 
Mach  2  reference  velocity. 

Figure  5.56  shows  the  normalized  turbulent  shear  stress  for  the  LDV  profiles  in 
the  (X,Y)  plane.  As  expected,  the  shear  stress  is  highest  in  the  two  mixing  layers,  where 
the  streamwise  velocity  gradients  are  highest.  The  maximum  value  of  %v  exceeds  the 
scale  selected  to  be  most  effective  for  all  the  plots,  although  the  outlying  values  are 
included  in  the  superimposed  format  in  Figure  5.57.  The  shear  stress  is  negative  in  the 
top  shear  layer  and  positive  in  the  bottom  shear  layer,  as  a  result  of  the  transverse 
transport  of  fluctuation  momentum  being  directed  in  opposite  directions. 

Figure  5.57  shows  the  superimposition  of  the  turbulent  shear  stress  in  the  (X,Y) 
plane.  This  format  highlights  the  drastic  decrease  in  peak  shear  stress  from  =  0.22  at 
Y/h  =  ±  0.1  at  station  X/h  =  1  to  tyv  =  0.02  at  Y/h  =  -0.4  and  +0.2  at  station  X/h  =10. 
This  decrease  by  a  factor  of  10  is  accompanied  by  the  progression  toward  a  more  uniform 
velocity  distribution.  A  rapid  decrease  of  turbulence  intensity  in  the  reattachment  region 
for  a  flow  reattaching  onto  a  surface  behind  a  backfacing  step  has  been  attributed  to  the 
restriction  of  the  larger  eddies  [Chandrsuda  and  Bradshaw  1981]and  bifurcation  of  the 
turbulent  eddies  [Eaton  and  Johnson  1981]  resulting  in  much  smaller  length  scales  and 
lower  shear  stress.  Likewise,  interaction  of  the  two  merging  shear  layers  behind  the  strut 
affects  the  turbulent  structures  in  a  manner  to  decrease  the  shear  stress  in  the  flow. 
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The  turbulent  shear  stress  correlation  coefficient  indicates  the  degree  of 

correlation  between  the  two  fluctuating  velocities  (w)  and  (v),  with  a  value  of  1 

signifying  perfect  correlation  and  =  0  signifying  no  correlation.  is  defined  as 


Kv  = 


MV 


5.26 


where  n  is  the  number  of  samples  in  the  summation  set  (20  in  this  study). 

Figure  5.58  shows  the  correlation  coefficient  for  the  LDV  profiles  in  the  (X,Y) 
plane.  A  high  correlation  coefficient  indicates  that  the  streamwise  and  transverse 
velocities  ( U  and  V)  are  fluctuating  in  a  correlated  manner.  A  high  correlation  coefficient 
in  the  mixing  region  indicates  the  presence  of  coherent  structures.  The  correlation 
coefficient  shown  in  Figure  5.59  is  highest  in  the  vicinity  of  the  recompression  region 
(-^Mv  ~  at  Y/h  =  -0.2  and  0.1  at  station  X/h  =  2)  and  decreases  downstream  (i?yv  ~ 
0.6  at  Y/h  =  -0.6  and  0.4  at  station  X/h  =  10),  which  suggests  that  the  structures  in  the 
mixing  layer  become  less  coherent  as  they  travel  downstream.  As  expected,  unlike  the 
mean  and  turbulence  intensity  profiles,  the  local  peaks  in  correlation  coefficients  remain 
relatively  high  downstream,  decreasing  by  merely  18%  between  X/h  =  1  and  10.  The 
consistency  in  value  suggests  the  turbulent  structures  remain  organized  downstream,  and 
the  increased  transverse  separation  between  the  peak  values  suggests  the  slight  spread  of 
the  mixing  layer  downstream. 

The  high  correlation  coefficients  occurring  outside,  above  and  below,  the  wake 
region  appear  to  be  a  consequence  of  division  by  a  small  number  in  the  denominator  of 
the  governing  equation  5.26.  The  correlation  coefficient  is  only  applicable  and  useful 
where  turbulence  intensities  are  significant.  Thus,  the  correlation  coefficient  values  in 
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subsequent  cases  will  only  be  considered  in  the  wake  region  between  -0.7  <  Y/h  <  0.7. 
Any  high  values  on  the  edges  of  the  region  (near  Y/h  =  ±  0.7  )  correspond  to  low 
turbulence  intensity  values  just  outside  the  wake  and  are  not  considered  significant,  since 
the  absolute  magnitude  of  the  effect  is  minuscule  as  compared  to  the  effect  in  the  wake 
region. 

53.2.2  LDV  Profiles  in  the  (X,Z)  plane 
Mean  velocity 

Figure  5.60  shows  the  mean  streamwise  velocity  profiles  in  the  (X,Z)  plane  at 
Y  =  0  at  stations  X/h  =  2  and  6.8.  An  ideal,  two-dimensional  flow  would  have  a  uniform 
mean  velocity  across  the  entire  span  of  the  tunnel.  In  the  present  flow,  at  station  X/h  =  2, 
the  mean  streamwise  velocity  shows  a  symmetric  distribution  about  the  strut  centerline 
(Z/h  =  0)  with  a  slightly  elevated  velocity  value  in  the  central  region  of  the  wake.  The 
mean  streamwise  velocity  distribution  at  X/h  =  6.8  is  virtually  uniform.  The  variation  in 
the  mean  streamwise  velocity  distribution  at  X/h  =  2  suggests  some  three  dimensionality 
of  the  flow  in  the  recompression  region  behind  the  base  of  the  strut. 

Previous  studies  have  shown  recirculation  bubbles,  cell-like  structures,  to  exist  in 
the  recirculation  zone  behind  the  base  of  backfacing  steps  and  struts.  Surface  oil  flow 
visualization  performed  by  Petrie  et  al.  [1986]  showed  the  presence  of  distinct  cells 
behind  the  base  of  a  backfacing  step  in  a  Mach  2.43  freestream.  Mean  spanwise  velocity 
measurements  by  Raffoul  [1995]  suggests  the  existence  of  four  recirculation  bubbles 
along  the  spanwise  direction  and  very  near  the  base  of  a  bluff  body  in  a  subsonic  flow 
field.  Raffoul  used  a  three-component  LDV  system  to  obtain  velocity  measurements 
behind  a  bluff  body  with  the  same  thickness  (h  =  1.27  cm)  as  the  strut  used  in  the  present 
experiment.  The  normalized  mean  spanwise  velocity  (WlUfgJ)  distribution  appeared 
anti-symmetric  about  the  strut  centerline  with  a  sinusoidal  shape.  This  sinusoidal  shape 
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flipped  orientation  when  the  measurement  station  was  moved  from  X/h  =  0.02  to  0.2. 
This  suggests  the  presence  of  two  pairs  of  counter  rotating  vortices  with  rotational  axes, 
in  the  Y  direction,  located  between  these  two  stations.  The  peak  mean  spanwise  velocity 
reached  a  substantial  value  of  approximately  16%  of  the  freestream  streamwise  velocity 
at  the  station  X/h  =  0.5  and  rapidly  decreased  to  about  8%  by  X/h  =1.2.  The  sinusoidal 
shape  of  the  distribution  suggests  the  existence  of  four  counter-rotating 

vortices  in  the  spanwise  direction.  The  number  of  cells  would  scale  perhaps  with  the 
span  of  the  tunnel  among  other  parameters. 

Although  surface  oil  flow  visualizations  were  not  obtained  at  the  base  of  the  strut 
and  the  spanwise  velocity  component  (W)  was  not  measured  in  the  present  supersonic 
study,  it  is  reasonable  to  suggest  that  a  highly  three-dimensional  flow  pattern  exists 
behind  the  base  of  the  strut,  similar  to  those  described  in  the  studies  of  Petrie  et  al.  [1986] 
and  Raffoul  [1995]. 

Figure  5.61  shows  the  mean  transverse  velocity  in  the  (X,Z)  plane  for  station  X/h 
=  2  and  6.8.  In  a  symmetric  wake,  the  velocity  would  be  exactly  zero  on  the  centerline 
(Y/h  =  0),  since  this  is  the  location  where  the  negative  velocity  vectors  from  the 
expansion  over  the  top  edge  of  the  strut  base  meet  the  positive  velocity  vectors 
originating  from  the  expansion  over  the  bottom  edge  of  the  base.  However,  the  mean 
streamwise  velocity  profiles  (Figure  5.46)  show  that  the  wake  is  skewed  towards  the 
negative  transverse  (Y)  direction  (towards  the  bottom  wall  of  the  tunnel).  Thus,  the  mean 
velocity  value  in  the  (X,Z)  plane  on  centerline  would  be  expected  to  be  slightly  negative. 
Indeed  the  mean  transverse  velocity  values  are  slightly  negative  (-0.03  <  VfUf.gf<  0). 
Since  the  (X,Y)  and  the  (X,Z)  planes  intersect  at  the  centerline  of  the  strut,  the  centerline 
velocity  values  measured  in  each  plane  are  expected  to  be  equal.  The  centerline  mean 
transverse  velocity  values  obtained  in  the  profiles  in  the  (X,Y)  plane  are  close  to  the 
values  obtained  in  the  (X,Z)  plane.  The  consistency  between  these  values  (as  well  as  U , 
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Gu,  and  Gy)  for  profiles  in  the  two  orthogonal  planes  in  data  taken  several  days  apart 
demonstrates  the  repeatability  of  the  tunnel  operating  conditions  and  the  accuracy  and 
good  resolution  of  the  LDV  measurements. 

Figure  5.62  shows  streamwise  turbulence  intensity  in  the  (X,Z)  plane  at  stations 
X/h  =  2  and  6.8.  Values  vary  slightly  between  0.13  <  Gy/  0.14  at  X/h  =  2,  and 

decrease  by  a  factor  of  nearly  two  to  0.07  <  0^1  UfQj'<  0.08  at  X/h  =  6.8.  The  drastic 
decrease  in  turbulent  intensity  between  stations  X/h  =  2  to  6.8,  along  with  the  increase  in 
streamwise  mean  velocity,  are  changes  toward  the  values  of  the  surrounding  air.  This 
illustrates  the  process  of  the  velocity  related  values  in  the  wake  becoming  equal  to  those 
in  the  freestream. 

Figure  5.63  shows  the  transverse  turbulence  intensity  in  the  (X,Z)  plane  at  stations 
X/h  =  2  and  6.8.  The  values  are  slightly  lower  than  the  streamwise  turbulence  intensity 
and  decrease  by  a  factor  of  two  between  stations  X/h  =  2  and  6.8.  Figure  5.64  shows  the 
ratio  of  G^/Gy  for  station  X/h  =  2  and  6.8.  The  flow  is  relatively  isotropic  (Gu/Gy  =  1)  at 
X/h  =  2  and  becomes  slightly  anisotropic  (Gu/Gy  >  1)  downstream  at  X/h  =  6.8.  This 
suggests  that  uniform  conditions  occur  across  the  span  of  the  wake. 

Figure  5.65  shows  normalized  turbulent  shear  stress  in  the  (X,Z)  plane  for  profiles 
at  X/h  =  2  and  6.8.  The  turbulent  shear  stress  is  negative  due  to  the  wake  shifting  toward 
the  negative  transverse  (Y)  direction  (toward  the  bottom  wall  of  the  tunnel).  The 
turbulent  shear  stress  distribution  varies  slightly  in  a  symmetric  sinusoidal  pattern  similar 
to  the  mean  transverse  velocity  distribution.  The  magnitude  of  the  turbulent  shear  stress 
decreases  downstream. 

Figure  5.66  shows  the  turbulent  shear  stress  correlation  coefficient  in  the  (X,Z) 
plane  at  stations  X/h  =  2  and  6.8.  The  magnitude  of  the  correlation  coefficient  increases 
slightly  downstream  except  in  the  central  region,  where  it  decreases.  Although  the  shear 
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stress  decreases,  the  correlation  coefficient  stays  about  the  same  or  increases  slightly 
between  2  <  X/h  <  6.8. 

Summary 

The  profiles  in  the  (X,Y)  plane  show  that  the  wake  region  behind  the  base  of  the 
strut  does  not  spread  far  beyond  the  thickness  of  the  strut  in  the  transverse  direction. 
Both  the  streamwise  and  transverse  turbulence  intensities  increase  from  maximum  values 
of  about 

7%  and  o^lUy.Qf=  4%  in  the  boundary  layer  to  <5^/Uf.gf=  23%  and  Oy/Uj.^f= 
14%  in  the  vicinity  of  the  recompression  region  and  then  decrease  downstream.  The 
anisotropic  nature  (Ou/<5v  >  1)  in  the  wake  region  is  not  conducive  to  turbulent  transport 
in  the  transverse  (Y)  direction  necessary  for  effective  mixing  of  the  wake  with  the 
primary  freestream  flow. 

The  profiles  in  the  (X,Z)  plane  show  relatively  uniform  values  aeross  the  base  of  the 
strut  as  compared  to  the  profiles  in  the  (X,Y)  plane.  However,  slight  fluctuations, 
especially  at  X/h  =  2,  show  that  some  three  dimensionality  exists  in  the  flow  behind  the 
base  of  the  strut.  Based  on  previous  results,  it  is  hypothesized  that  spanwise  recirculation 
bubbles  exist  in  the  recirculation  zone  at  the  base  of  the  strut. 

5.3.3  Baseline  helium  injection  case  using  circular  (C)  nozzle 

A  circular  nozzle  is  generally  used  as  a  fuel  injector.  Thus  a  circular  nozzle  mounted 
in  the  base  of  the  strut  is  considered  as  the  baseline  helium  injection  case  for  the  present 
experimental  program.  In  this  section,  the  flow  field  with  helium  injected  from  the 
circular  (C)  nozzle  injector  configuration  is  investigated  and  the  results  are  compared 
with  the  flow  field  without  injection.  The  effects  of  different  injector  nozzle  geometries 
(circular-with-tabs  and  elliptic  nozzle)  on  the  development  and  on  the  mixing  of  the  jet 
with  the  primary  freestream  flow  will  be  discussed  in  the  following  sections. 
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In  the  injection  cases,  the  initially  two-dimensional  shear  layers  emanating  from  the 
base  of  the  strut  interact  with  the  mixing  layers  surrounding  the  jet  to  form  a  complex  jet 
mixing  region  in  the  center  of  the  volirme  occupied  in  the  no  injection  (N)  case  by  the 
wake  flow  alone.  Figure  5.67  is  an  illustration  of  the  interaction  between  the  helium  jet 
emanating  from  the  circular  (C)  nozzle  and  the  mixing  layer  formed  at  the  base  of  the 
strut.  The  majority  of  the  helixim  exiting  the  nozzle  travels  in  the  stream  wise  direction  in 
the  form  of  a  plume,  which  will  be  referred  to  as  the  jet  proper.  A  fraction  of  the  helium 
exiting  the  nozzle  fills  the  low  pressure  region  on  the  spanwise  sides  of  the  jet  between 
the  mixing  layers  formed  at  the  base  of  the  strut.  This  region  on  each  spanwise  side  of 
the  jet  will  be  referred  to  as  the  wake  region  (this  is  a  modified  wake  flow  and  not 
necessarily  two-dimensional). 

The  primary  focus  of  the  present  study  is  on  the  central  region,  referred  to  as  the 
mixing  region,  where  mixing  between  the  helium  in  the  jet  proper  and  the  freestream  air 
occurs.  Also  of  concern  is  the  modification  of  the  flow  field  with  the  addition  of  a 
helium  jet. 

For  this  experimental  program,  LDV  measurements  were  taken  in  the  (X,Y)  and 
(X,Z)  planes  passing  through  the  centerline  of  the  jet.  It  should  be  emphasized  that  the 
profiles  in  the  (X,Y)  plane  of  the  flow  without  injection  show  nominally  two-dimensional 
mixing  layers,  whereas,  in  the  helium  injection  cases,  the  profiles  in  the  (X,Y)  plane 
show  a  center  cross-sectional  plane  of  a  very  three-dimensional  mixing  region.  Thus, 
while  the  profile  of  the  two-dimensional  flow  (no  injection  case)  in  the  (X,Y)  plane  is 
representative  of  the  flow  at  any  point  along  the  entire  span  of  the  strut,  every  profile  of 
the  helium  injection  cases  (three-dimensional  flow)  in  the  (X,Y)  plane  is  different,  so  that 
the  selection  of  the  plane  of  investigation  is  critical  to  the  interpretation  of  the  data. 
Since  the  helium  injection  nozzle  is  moimted  in  the  center  of  the  strut,  the  centerline  of 
the  injection  nozzle  and  the  centerline  of  the  strut  coincide  on  the  X-axis.  The  (X,Y)  and 
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(X,Z)  planes  of  investigation  also  intersect  along  the  X-axis,  and  the  combination  of  data 
collected  in  these  two  planes  provides  a  three-dimensional  matrix  of  quantitative  velocity 
information  throughout  the  flow  field. 

In  this  section,  the  LDV  profiles  for  the  baseline  helium  injection  case  using  the 
circular  (C)  nozzle  are  presented.  Helium,  used  as  the  injectant  to  simulate  hydrogen 
fuel,  exits  the  converging  circular  (C)  nozzle  at  sonic  velocity.  The  helium  jet  is 
unseeded.  For  all  LDV  measurements,  the  static  pressure  of  the  helium  jet  at  the  exit  of 
the  nozzle  was  four  times  the  static  pressure  of  the  freestream  air  ('F  =  4).  The  data  from 
the  helium  injection  case  using  the  circular  (C)  nozzle  are  compared  with  the  data  from 
the  no  injection  (N)  case  to  identify  the  characteristics  of  the  jet  flow  proper  and  the 
effects  of  helium  injection  on  the  surroimding  wake  flow.  The  flow  field  generated  from 
helium  injection  using  two  other  nozzle  geometries,  circular-with-tabs  nozzle  in 
orientation  T1  and  elliptic  nozzle  in  orientation  El,  will  be  compared  with  the  circular 
(C)  case  in  the  next  section  (refer  to  Figure  3.7). 

5.3.3.1  LDV  profrles  in  the  (X,Y)  plane 

Mean  Velocity 

Nondimensional  mean  streamwise  velocity  profiles  for  the  helium  injection  case 
using  the  circular  (C)  nozzle  are  shown  superimposed  on  the  profiles  for  the  no  injection 
(N)  case  in  Figure  5.68.  This  figure  presents  the  series  of  LDV  velocity  profiles  taken  in 
the  (X,Y)  plane  at  stations  X/h  =  0,  1,  2,  4,  6.8,  and  10.  As  in  the  preceding  profiles,  all 
velocity  measurements  are  normalized  with  the  reference  velocity  (Uj-ef)  and  all  distances 
are  normalized  with  the  strut  height  (h  =  1.27  cm).  These  6  profiles  are  placed  on  the 
page  with  the  horizontal  spacing  between  them  being  proportional  to  the  streamwise 
distance  between  measurement  stations  at  X/h  =  0,  1,  2,  4,  6.8,  and  10.  The  horizontal 
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spacing  on  the  page  is  1.5  times  the  true  streamwise  spacing  between  stations  while  the 
vertical  scale  on  the  page  is  nearly  the  same  size  as  the  true  transverse  scale. 

A  comparison  of  the  LDV  measurements  at  X/h  =  0  for  the  injection  case  versus 
the  no  injection  case  (Figure  5.68)  indicates,  as  it  was  expected  from  the  flow 
visualization  results  presented  in  Section  5.3.1,  that  the  jet  does  not  induce  flow 
separation  upstream  of  the  end  of  the  strut.  Although,  it  is  possible  that  the  addition  of 
enough  helium  at  high  pressure  could  transform  the  favorable  pressure  gradient  between 
the  ffeestream  primary  flow  and  the  region  behind  the  base  of  the  strut  into  an  adverse 
pressure  gradient  large  enough  to  cause  separation  upstream  of  the  shoulder  of  the  strut 
base.  This  is  an  important  point  in  combustion  applications,  where  effects  upstream  of 
the  shoulder  could  cause  problems  at  the  inlet  of  the  combustor.  The  fact  that  separation 
is  not  apparent  for  the  present  cold  flow  (i.e.,  flow  without  combustion),  does  not 
preclude  the  possibility  of  separation  at  the  shoulder  caused  by  adverse  pressure  gradients 
incurred  with  combustion. 

It  will  be  noted  that  the  centerline  values  for  the  injection  (C)  case  at  X/h  =  1  and  2 
are  missing.  At  these  streamwise  locations,  before  station  X/h  =  4,  the  jet  has  not  yet 
engulfed  enough  seed  particle  material  from  the  primary  freestream  flow  to  produce  an 
acceptable  sample  size  for  the  LDV  system.  The  amount  of  seed  engulfed  into  the  jet  is 
partially  a  fimction  of  the  amount  of  seed  material  in  the  freestream  flow,  and  daily 
changes  in  atmospheric  conditions  increase  and  decrease  the  seed  particle  density  in  the 
freestream.  Therefore,  an  acceptable  number  of  samples  were  obtained  on  centerline  at 
least  at  station  X/h  =  2  on  some  occasions  (refer  to  Figure  5.76). 

The  profiles  presented  in  Figure  5.68  show  that  the  jet  spread  in  the  transverse 
direction  is  contained  in  a  region  corresponding  to  the  area  between  the  mixing  layers 
formed  at  the  base  of  the  strut  in  the  baseline  flow  without  injection.  The  peak  velocity 
value  on  the  centerline  at  X/h  =  4  in  the  profiles  of  the  C  case  show  the  presence  of  the 
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helium  jet.  The  helium  jet  injected  from  the  base  of  the  strut  emerges  into  the  complex 
flow  at  the  base  of  strut  and  the  jet  structures  blend  with  the  mixing  layer  structures, 
creating  a  integrated  mixing  phenomenon. 

A  composite  plot  of  the  centerline  values  for  the  helium  injection  (C)  case  and  the  no 
injection  (N)  case,  shown  in  Figure  5.69,  shows  the  dramatic  rise  in  centerline  velocity 
just  downstream  of  the  base  of  the  strut  due  to  the  helium  jet.  The  helium  jet  exits  the 
nozzle  at  sonic  velocity,  then  expands  to  supersonic  velocities  via  an  expansion  fan,  then 
passes  through  the  Mach  disk  and  becomes  subsonic,  then  accelerates  to  a  high  subsonic 
or  supersonic  velocity  as  it  mixes  with  the  supersonic  freestream  air.  The  mean 
streamwise  velocity  values  at  the  centerline  of  the  jet  in  the  C  case  decreases  gradually 
downstream  until  about  X/h  =  7,  after  which  the  velocity  values  remain  virtually 
constant  downstream,  at  least  within  the  test  range  of  X/h  =  10.  Thus  it  appears  that  a 
transition  occurs  somewhere  in  the  range  between  X/h  =  6  and  8.  This  is  well  beyond  the 
location  of  the  Mach  disk  at  about  X/h  =  6  and  could  feasibly  be  the  transition  from 
large  scale  effects  of  mixing  at  center  of  the  jet  to  the  smaller  scales  effects  which 
dominate  in  the  relaminarization  process  of  mixing.  This  is  consistent  with  the 
Rayleigh/Mie  images  that  show  the  disappearance  of  the  large  scale  structures  in  the 
circular  jet  to  occur  between  X/h  =  4  and  6.8  (refer  to  Section  5.2.2. 1).  The  centerline 
velocity  values  for  the  no  injection  (N)  case  appear  to  converge  to  the  helium  injection 
(C)  case  values  downstream. 

The  static  pressure  at  the  base  of  the  strut  without  injection  is  several  times  less  than 
the  static  pressure  in  the  primary  fi-eestream  flow  [Amatucci  et  al.  1992].  The  helium  jet, 
being  of  relatively  high  static  pressure,  enters  the  low  pressure  region  at  the  base  of  the 
strut  and  the  jet  plume  acts  as  an  extension  of  the  strut  [Sullins  et  al.  1982].  If  the  effect 
of  the  jet,  acting  as  a  solid  mass,  is  large,  the  presence  of  the  jet  would  be  expected  to 
weaken  the  expansion  fans  emanating  from  the  top  and  bottom  edges  of  the  strut,  at  least 
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in  the  vicinity  of  the  jet.  This  would  be  conveyed  on  the  LDV  plots  as  a  lower  peak 
transverse  velocity  and  a  smaller  width  of  the  expansion  fan. 

Indeed,  a  weaker  expansion  fan  is  suggested  by  the  mean  transverse  velocity 
profiles.  Figure  5.71  presents  the  nondimensional  mean  transverse  velocity  profiles  in 
the  (X,Y)  plane  at  stations  X/h  =  0, 1, 2, 4, 6.8,  and  10  for  the  helium  injection  (C)  and  no 
injection  (N)  cases.  At  station  X/h  =  1,  the  distribution  of  the  mean  transverse  velocity 
profile,  showing  the  flow  to  be  directed  toward  the  centerline  of  the  strut,  in  the  helium 
injection  (C)  case  is  more  compact  around  the  centerline  and  has  a  lower  peak  value  than 
the  no  injection  (N)  case.  This  suggests  that  the  strength  of  the  expansion  fan  is  slightly 
reduced  in  the  streamwise  (X,Y)  plane  on  centerline  of  the  strut  by  the  addition  of  the 
helium  jet. 

Turbulent  normal  and  shear  stresses 

Figures  5.71  and  5.72  show  the  streamwise  and  transverse  turbulence  intensity 
profiles  taken  in  the  (X,Y)  plane  at  stations  X/h  =  0,  1,  2,  4,  6.8,  and  10  for  the  helium 
injection  (C)  case  and  the  no  injection  (N)  case.  The  peak  streamwise  turbulence 
intensities  in  the  jet  mixing  region  in  the  injection  (C)  case  are  lower  than  in  the  wake  of 
the  no  (N)  injection  case  at  every  station  and  form  a  single  peak  at  X/h  =  4  and  a  flat 
profile  at  X/h  =  6.8  and  10  rather  than  the  double  peak  exhibited  by  the  no  injection  (N) 
case  (Figure  5.71).  Similar  to  the  streamwise  turbulence  intensity  distributions,  the 
transverse  turbulence  intensity  values  for  the  helium  injection  (C)  case  are  lower  than  the 
turbulence  intensity  values  for  the  no  injection  (N)  case  in  the  jet  mixing  region,  and  the 
double  hump  behavior  marking  the  two  shear  layers  in  the  no  injection  (N)  case  is 
replaced  by  a  single  hump  representing  the  mixing  region  of  the  jet  (Figure  5.72).  The 
limited  breadth  of  the  streamwise  and  transverse  turbulence  intensity  distributions  is 
another  indication  that  the  turbulent  transport  in  the  complex  mixing  region  with  injection 
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is  contained  in  the  region  marked  by  the  mixing  layers  formed  between  the  primary  flow 
and  the  recirculating  flow  in  the  flow  without  injection. 

In  an  isotropic  flow,  the  streamwise  and  transverse  turbulence  intensity  values  are 
equal  in  every  direction,  and  therefore  the  ratio  au/Oy  is  everywhere  equal  to  one.  Figure 
5.73  presents  the  ratio  of  in  the  (X,Y)  plane  for  the  helium  injection  (C)  case  and 
the  no  injection  (N)  case.  For  the  most  part,  the  streamwise  turbulence  intensity  is  greater 
than  the  transverse  turbulence  intensity  in  the  mixing  region  for  both  the  no  injection  (N) 
case  and  the  injection  (C)  case.  Since  transverse  fluctuations  are  much  more  significant 
in  the  turbulent  transport  between  the  helium  in  the  jet  and  the  freestream  air  than 
streamwise  fluctuations,  tJu'^Oy  >  1  is  not  favorable  for  mixing  between  the  helium  jet 
and  the  primary  air  flow.  The  anisotropic  condition  is  an  important  consideration  when 
choosing  a  turbulence  model  for  Computational  Fluid  Dynamic  (CFD)  simulations  of  a 
flow  field  such  as  the  one  in  the  present  study.  Assuming  isotropic  conditions  would 
simplify  calculations,  but  lead  to  erroneous  numerical  results. 

Figure  5.74  shows  the  turbulent  shear  stress  profiles  in  the  (X,Y)  plane  at  station  X/h 
=  0,  1,  2,  4,  6.8,  and  10  for  the  helium  injection  (C)  case  and  the  no  injection  (N)  case. 
The  peak  shear  stress  values  for  the  no  injection  (N)  case  at  X/h  =  1  (tuy  =  0.024)  are 
off  the  scale  chosen  to  be  the  most  effective  for  all  plots.  As  anticipated  from  the  smaller 
mean  streamwise  velocity  gradients  and  smaller  turbulence  intensity  values,  the  turbulent 
shear  stress  is  not  as  large  in  the  mixing  region  of  the  injection  (C)  case  as  in  the  wake 
region  of  the  no  injection  (N)  case.  The  largest  differences  in  the  shear  stress  distribution 
occur  near  the  base  of  the  strut  and  the  diminish  downstream. 

Figure  5.75  shows  the  turbulent  shear  stress  correlation  coefficients  in  the  (X,Y) 
plane  at  stations  X/h  =  0,  1,  2,  4,  6.8,  and  10  for  the  helium  injection  (C)  case  and  the  no 
injection  (N)  case.  The  correlation  coefficients  for  the  injection  (C)  case  are  on  the  same 
order  of  magnitude  and  show  the  same  general  shapes  as  the  no  injection  case.  However, 
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the  peak  values  are  farther  from  the  centerline  in  the  injection  case,  since  the  mixing 
layers  are  separated  on  the  centerline  by  the  presence  of  the  jet.  The  peak  value  is 
slightly  larger  for  the  injection  (C)  case  at  the  last  station  X/h  =10.  This  suggests  that  the 
mixing  structures  are  more  coherent  downstream  with  the  jet  present. 

Summary 

Considered  as  a  group,  the  LDV  profiles  in  the  (X,Y)  plane  show  that  the  helium  jet 
emanating  from  the  circular  (C)  nozzle  moimted  in  the  base  of  the  strut  is  contained 
within  the  region  marked  by  the  mixing  layers  in  the  no  injection  (N)  case  --  that  is,  the 
mixing  layers  formed  between  the  primary  flow  and  the  recirculating  flow  at  the  base  of 
the  strut  without  injection.  The  jet  acts  as  an  extension  of  the  strut  into  the  low  pressure 
region  at  the  base  of  the  strut  at  the  location  of  the  injector  nozzle.  This  results  in 
dramatic  changes  in  the  flow  immediately  downstream  of  the  strut.  Most  significant  are 
the  decrease  in  stream^vise  velocity  deficit,  the  apparent  weakening  of  the  expansion  fans, 
and  the  drastic  reduction  in  shear  stress  at  stations  X/h  =1,2,  and  4.  It  appears  that  a 
transition  occurs  in  the  injection  (C)  case  somewhere  in  the  range  between  X/h  =  6.8  and 
8  after  which  the  velocity  values  on  centerline  remain  virtually  constant.  This  could  be 
related  to  the  transition  from  large  scale  mixing  which  dominates  the  near  base  region  to 
small  scale  mixing  which  dominates  the  relaminarization  process  downstream.  The 
centerline  mean  streamwise  velocity  values  for  the  no  injection  (N)  case  appear  to 
converge  toward  the  helium  injection  (C)  case  values  downstream.  The  anisotropy 
(Ou/Oy  >1)  suggests  an  unfavorable  condition  for  mixing  between  the  jet  and  the 
freestream  air. 

53.3.2  LDV  profiles  in  the  (X,Z)  plane 

The  LDV  profiles  in  the  (X,Z)  plane  for  the  helium  injection  (C)  case  are  drastically 
different  than  those  for  the  no  injection  (N)  case.  The  injection  (C)  case  exhibits  distinct 
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distribution  contours  in  the  region  occupied  by  the  helium  jet,  whereas  the  no  injection 
(N)  case  shows  relatively  uniform  profiles  across  the  entire  span  of  the  tunnel. 

Mean  velocity 

Nondimensional  mean  streamwise  velocity  profiles  for  the  helium  injection  case 
using  the  (C)  nozzle  are  shown  superimposed  on  the  profiles  for  the  no  injection  (N)  case 
in  Figure  5.76.  This  figure  presents  the  series  of  LDV  velocity  profiles  taken  in  the  (X,Z) 

plane  at  stations  X/h  =  2  and  6.8.  The  normalized  streamwise  velocity  distribution  for  the 
injection  (C)  case  shows  a  peak  value  of  U  / 17,,^  =  0.89  on  the  centerline  of  the  jet  at  X/h 

=  2.  This  corresponds  to  an  absolute  velocity  of 460  m/s. 

At  first  glance  this  may  seem  low,  since  helium  exits  the  sonic  nozzle  at  high 
velocity  {U  =  871  m/s).  Furthermore,  the  helium  jet  expands  and  accelerates  to 
supersonic  velocities  (roughly  Mach  4  to  5).  However,  once  the  helium  jet  passes 
through  the  Mach  disk  it  becomes  subsonic  at  the  center  (roughly  Mach  0.4  to  0.5)  and 
then  accelerates  to  higher  velocities  as  it  mixes  with  fireestream  air.  The  Mach  disk  in  the 
present  experiments  for  a  helium  jet  ('F  =  4)  injected  fi-om  a  circular  (C)  nozzle  appeared 
in  PLIF  images  (Section  5.2)  to  be  located  at  approximately  X/h  =  0.63.  Computational 
Fluid  Dynamic  (CFD)  calculations  for  the  same  flow  predicted  a  Mach  number  and  mean 
streamwise  velocity  of  approximately  M  =  0.5  and  U  =  500  m/s  for  the  helium  jet 
immediately  downstream  of  the  Mach  disk  [Chen  et  al.  1995].  The  value  of  460  m/s 
measured  in  the  present  study  at  X/h  =  2  was  located  1.37  base  thicknesses  downstream 
of  the  Mach  disk  and  is  reasonably  subsonic  considering  the  above  discussion  and  the 
fact  that  the  helium  jet  is  effected  by  the  surrounding  air  flow  by  this  location.  Note  that 
the  air  surrounding  the  jet  is  traveling  less  than  U  =  500  m/s  above  and  below  the  jet,  as 
a  result  of  the  freestream  air  flow  passing  through  a  recompression  shock  wave,  and 
about  250  m/s  in  the  wake  flow  on  the  spanwise  sides  of  the  jet. 
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The  mean  streamwise  velocity  distribution  in  the  wake  region  to  each  side  of  the  jet 
proper  for  the  injection  (C)  case  coincides  with  the  distribution  for  the  no  injection  (N) 
case  at  both  locations  X/h  =  2  and  6.8  (Figure  5.76).  This  absence  of  change  in 
streamwise  velocity  suggests  that  the  jet  is  contained  predominately  in  the  jet  proper. 
The  velocity  distribution  has  become  more  uniform  by  X/h  =  6.8,  with  the  maximum 
velocity  in  the  jet  decreasing  and  the  velocity  of  the  surrounding  wake  increasing  as  a 
result  of  mixing  and  flow  recovery  toward  a  uniform  flow  velocity  profile. 

Figure  5.77  shows  the  normalized  mean  transverse  velocity  profiles  in  the  (X,Z) 
plane  for  the  injection  case  using  a  circular  (C)  nozzle  and  the  no  injection  (N)  case.  An 
ideally  symmetric  flow  would  show  a  zero  value  of  mean  transverse  velocity  in  both  the 
jet  proper  and  the  surrovmding  wake  flow.  The  mean  transverse  velocity  in  this  figure  is 
nominally  zero  for  the  no  injection  case  but  deviates  to  a  substantial  value  of  14%  of  the 
freestream  reference  velocity  (Uf-gP  at  the  center  of  the  jet  for  the  injection  (C)  case  at 
station  X/h  =  2.  The  velocity  vector  at  this  location,  based  on  the  values  of  U  and  V, 
appears  to  be  at  a  lO*"  angle  to  the  X-axis  in  the  negative  transverse  (Y)  direction.  Two 
possible  reasons  for  this  are:  1)  the  measurement  volume  was  not  located  on  the  jet 
centerline  and  2)  the  measurement  volume  was  located  on  the  jet  centerline,  although  the 
entire  jet  flow,  on  the  average,  is  directed  downward.  The  former  is  most  probable 
because  of  the  large  transverse  velocity  gradients  near  the  jet  centerline  (Figure  5.70), 
any  slight  deviation  of  the  measurement  volume  from  the  precise  center  of  the  jet  would 
result  in  a  noticeable  velocity  other  than  zero.  Besides,  a  10*^  skew  angle  of  the  jet  would 
have  been  evident  in  the  flow  visualization  images.  Similar  to  the  streamvrise  velocity, 
the  transverse  velocity  distribution  becomes  more  uniform  downstream  at  X/h  =  6.8. 
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Turbulent  normal  and  shear  stresses 


Figure  5.78  shows  the  stream  wise  turbulent  intensity  in  the  (X,Z)  plane  for  the 
helium  injection  (C)  and  no  injection  (N)  case.  The  streamwise  turbulent  intensity  is 
lower  in  the  jet  and  higher  in  the  surrounding  wake  flow  compared  to  the  value  in  the 
wake  of  the  no  injection  (N)  case.  The  low  values  of  turbulence  intensity  in  the  jet  proper 
signify  minimal  streamwise  turbulent  transport  in  the  jet  proper.  Although  the  mean 
stream'wise  velocity  in  the  wake  region  surrounding  the  jet  was  imaffected  by  the  addition 
of  the  helium  jet,  the  elevated  streamwise  turbulence  intensity  in  the  region  surrounding 
the  jet  suggests  that  the  wake  is  at  least  disturbed  by  the  jet.  The  difference  in  streamwise 
turbulence  intensity  between  the  no  injection  (N)  and  helium  injection  (C)  case  apparent 
at  X/h  =  2  decreases  significantly  by  X/h  =  6.8.  However,  the  same  trend  in  the  jet 
proper  and  the  wake  region  relative  to  the  no  injection  (N)  case  is  still  apparent. 

Figure  5.79  shows  transverse  turbulence  intensity  profiles  taken  in  the  (X,Z)  plane  at 
stations  X/h  =  2  and  6.8  for  the  helium  injection  (C)  case  and  the  no  injection  (N)  case. 
The  transverse  turbulence  intensity  at  X/h  =  2  shows  a  wavy  contour  in  the  jet  proper 
with  local  peak  values  on  the  edge  of  the  jet  proper  where  the  mixing  interface  between 
the  jet  and  primary  flow  is  located.  This  fluctuation  becomes  a  single  depression  in  the 
profile  at  X/h  =  6.8.  The  transverse  turbulence  intensity  in  the  wake  region  on  each  side 
of  the  jet  proper  is  slightly  higher  than  the  uniform  values  in  the  wake  for  the  no  injection 
(N)  case  at  X/h  =  2  and  nearly  equal  to  the  wake  values  in  the  no  injection  (N)  case  at  X/h 
=  6.8.  This  suggests  that  the  injection  of  helium  from  the  base  of  the  strut  imparts  a 
noticeable  streamwise,  but  not  transverse,  turbulence  intensity  to  the  wake  region 
surrounding  the  jet.  Since  transverse  turbulent  transport  is  the  component  significant  to 
the  mixing  of  the  fluids  into  the  mixing  layers,  elevated  streamwise  turbulence  intensity 
is  of  little  consequence  to  mixing. 
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Figure  5.80  shows  the  streamwise  to  transverse  turbulence  intensity  ration  (au/Oy)  at 
stations  X/h  =  2  and  6.8  for  the  helium  injection  (C)  case  and  the  no  injection  (N)  case. 
The  wake  flow,  no  injection  (N)  case,  shows  a  streamwise  to  transverse  turbulence 
intensity  ratio  between  1  and  1.2  at  X/h  =  2  and  6.8.  The  streamwise  turbulence  intensity 
ratio  in  the  jet  proper  region  of  the  injection  (C)  case  at  X/h  =  2  fluctuates  above  and 
below  the  values  of  the  no  injection  (N)  case,  but  is  predominantly  below.  The 
distribution  is  somewhat  symmetric  about  the  centerline  with  a  double  hump  behavior. 
This  shows  that  the  along  the  centerline  of  the  jet,  the  flow  is  rather  isotropic  and  towards 
the  edges  of  the  jet,  in  the  mixing  layer,  the  flow  becomes  anisotropic.  The  distribution 
becomes  more  uniform  by  X/h  =  6.8.  The  overall  (Ou/Oy)  ratio  increases  downstream  for 
the  entire  profile  of  both  the  no  injection  (N)  and  injection  (C)  cases  signifying  that 
fluctuations,  and  turbulence  transport,  in  the  streamwise  direction  become  stronger 
relative  to  the  transverse  direction  downstream. 

Turbulent  normal  and  shear  stresses 

Figure  5.81  presents  the  turbulent  shear  stress  profiles  in  the  (X,Z)  plane  at  stations 
X/h  =  2  and  6.8  for  the  helium  injection  (C)  case  and  the  no  injection  (N)  case.  The  shear 
stress  for  the  injection  (C)  case  is  nearly  zero  at  the  center  of  the  jet  and  increases  to  a 
significant  peak  value  at  the  spanwise  sides  of  the  jet  proper.  The  peak  is  located  at  the 
mixing  interface  between  the  jet  proper  and  the  wake,  and  suggest  a  positive  mixing 
condition  here.  This  peak  value  is  equal  to  twice  the  turbulent  shear  stress  value 
occurring  across  the  span  of  the  strut  in  the  no  injection  (N)  case.  The  shear  stress  is  also 
high  in  the  wake  region  surrounding  the  jet  as  compared  to  the  value  measured  in  the 
wake  of  the  strut  for  the  no  injection  (N)  case  at  X/h  =  2.  Since  the  turbulence  shear 
stress  is  related  to  mixing  potential,  it  appears  that  the  addition  of  the  helium  jet  enhances 
mixing  in  the  wake  flow  behind  the  base  of  the  strut.  The  turbulent  shear  stress  values 
for  the  injection  (C)  case  decrease  significantly  between  X/h  =  2  and  6.8  to  reach  an 


157 


almost  uniform  distribution  very  close  to  the  value  observed  in  the  no  injection  (  N)  case 
byX/h  =  6.8. 

Figure  5.82  presents  the  turbulent  shear  stress  correlation  coefficient  profiles  in  the 
(X,Z)  plane  at  stations  X/h  =  2  and  6.8  for  the  helium  injection  (C)  case  and  the  no 
injection  (N)  case.  The  correlation  coefficient  distribution  in  the  center  of  the  jet  for  the 
injection  (C)  case  is  drastically  different  than  the  no  injection  (N)  case.  This  distribution 
suggests  that  flow  in  the  jet  core  near  the  nozzle  exit  is  uniform,  with  similar  properties  to 
the  ffeestream  flow.  The  correlation  coefficients  are  nearly  the  same  for  stations  X/h  =  2 
and  6.8  outside  the  jet  region,  yet  higher  than  the  no  injection  (N)  case  at  the  same 
stations. 

Summary 

The  distribution  of  LDV  profiles  in  the  (X,Z)  plane  for  the  injection  (C)  case  are 
significantly  different  than  those  for  the  no  injection  (N)  case.  The  no  injection  (N)  case 
profiles  are  relatively  uniform  across  the  entire  span  of  the  strut,  while  the  helium 
injection  (C)  case  shows  distinct  variations  inside  the  jet  proper  and  in  the  surrounding 
wake  region. 

The  most  surprising  effect  seen  in  these  profiles  is  the  elevation  of  streamwise 
turbulence  intensity  and  shear  stress  in  the  wake  region  on  each  spanwise  side  of  the  jet, 
showing  that  the  jet  disturbs  the  flow  in  the  wake  region.  It  is  probable  that  the  jet  adds  a 
substantial  spanwise  flow  component  to  the  recirculation  bubbles  at  the  base  of  the  strut 
(see  Section  5. 3. 2.2).  However,  transverse  turbulence  transport  is  the  component 
significant  to  mixing  of  the  jet  with  primary  freestream  fluid,  so  that  high  streamwise 
turbulence  intensity  is  not  as  significant  to  mixing  in  this  study.  However,  disturbance  of 
the  wake  region  could  prove  beneficial  to  age-mixing  and  flame  holding  in  combustion 
applications.  The  jet  region  itself  has  lower  values  of  streamwise  and  transverse 
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turbulence  intensity  than  the  wake  flow  of  the  no  injection  (N)  case,  signifying  relatively 
uniform  flow  and  low  turbulence  transport  in  the  jet  proper. 

Another  noteworthy  finding  is  that  all  the  distributions  become  more  uniform 
downstream  at  X/h  =  6.8  as  compared  to  X/h  =  2,  especially  the  shear  stress  and  the 
correlation  coefficient.  This  signifies  that  bulk  of  the  mixing  and  movement  toward 
equilibrium  occurs  upstream  of  X/h  =  6.8.  This  is  consistent  with  the  concept  of  a 
transition  occurring  between  6  and  8  before  which  large-scale  effects  dominate  mixing 
and  after  which  small-scale  effects  dominate  the  centerline  development  of  the  circular 
(C)  case. 

5.3.4  Helium  injection  cases  using  circular-with  tabs  (Tl)  and  elliptic  (El)  nozzle. 

This  section  focuses  on  the  similarities  and  differences  between  the  flow  fields 
created  by  helium  injection  using  the  circular-with-tabs  and  the  elliptic  nozzle  in  their 
vertical  orientations  (i.e.,  Tl  and  El)  and  the  baseline  injection  case  using  the  circular  (C) 
nozzle  (refer  to  Figure  3.9). 

In  considering  helium  injection  from  the  base  of  the  strut,  it  is  important  to  keep  in 
mind  that  the  resulting  flow  field  is  the  combination  of  a  nominally  two-dimensional 
wake  flow  behind  the  strut  and  a  three-dimensional  jet  flow.  Upon  exiting  the  nozzle,  the 
underexpanded  helium  jet  forms  a  barrel  shock  and  a  Mach  disk.  The  barrel  shock  for 
injection  fi-om  the  circular  (C)  nozzle  at  helium  jet-to-freestream  air  static  pressure  ratios 
of  T*  =  4  is  shown  in  the  acetone  PLIF  images  of  Figure  5.4.  (The  geometry  of  the  shock 
structure  would  most  certainly  be  different  for  the  circular-with-tabs  and  elliptic  nozzles.) 
Since  the  air  in  the  recirculation  zone  behind  the  strut  is  of  relatively  low  velocity  and  at 
a  lower  pressure  than  that  of  the  helium  at  the  injector  nozzle  exit,  the  injected  jet  is 
expected  to  behave  much  like  an  underexpanded  free  jet  until  it  interacts  with  the  mixing 
layers  formed  between  the  primary  flow  and  the  recirculating  flow  at  the  base  of  the  strut. 
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At  the  point  of  interaction  between  the  jet  and  the  nominally  two-dimensional 
mixing  layers,  the  top  and  bottom  portions  of  the  shear  layer  encompassing  the  jet  merge 
with  the  mixing  layers  in  the  central  region  behind  the  base  of  the  strut.  This  interaction 
creates  a  three-dimensional  and  complex  flow  field  in  which  the  mixing  structures  of  the 
jet  are  interwoven  with  the  mixing  layers  formed  at  the  base  of  the  strut.  Figure  5.67 
illustrates  the  interaction  between  the  nominally  two-dimensional  mixing  layers  formed 
at  the  base  of  the  strut  with  a  helium  jet  issued  from  a  circular  (C)  jet. 

The  vertical  orientations  of  the  elliptic  and  circular-with-tabs  nozzles  were  selected 
as  having  the  most  mixing  potential,  based  on  documented  subsonic  jet  dynamics  of 
elliptic  nozzles  and  nozzles  with  tabs,  and  their  predicted  behavior  in  a  wake  flow.  The 
Rayleigh/Mie  scattering  flow  visualizations  presented  in  Section  5.2  show  these  two 
nozzles  to  have  the  best  mixing  characteristics. 

The  selection  of  a  circular  nozzle  with  tabs  and  an  elliptic  nozzle  in  a  vertical 
orientation  is  further  supported  by  the  conclusions  of  Haimovitch  et  al.  [1994],  who 
tested  several  different  nozzles  (circular,  circular  with  four  tabs,  slot,  stepped,  elliptic, 
trapezoidal)  moimted  in  the  base  of  a  ramp  injector.  Haimitovich  et  al.  used  planar  Mie 
scattering  flow  visualization,  with  ethanol  as  the  scatterer,  and  showed  that  the  circular 
nozzle  with  tabs  exhibited  the  best  mixing  characteristics,  although  the  slot  injector  in  the 
vertical  position  showed  a  good  mixing  potential.  The  circular  nozzle  with  tabs  and  the 
vertical  slot  injector  were  selected  as  the  two  emerging  candidates  for  further  research. 
The  elliptic  nozzle,  which  did  not  exhibit  favorable  mixing,  had  an  aspect  ratio  of  2:1,  as 
compared  to  the  significantly  larger  aspect  ratio  of  2.8:1  for  the  slot  injector.  The 
elongated  geometry  of  the  slot  injector,  which  provokes  axis  switching,  appears  to  be  the 
primary  factor  in  its  mixing  effectiveness.  Thus,  the  elliptic  nozzle  for  the  present 
experimental  program  was  designed  with  a  substantial  aspect  ratio  of  3:1,  similar  to  that 
of  the  slot  injector  used  by  Haimitovich  et  al. 
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In  the  present  study,  LDV  profiles  for  the  injection  cases  using  the  circular-with-tabs 
(Tl)  and  elliptic  (El)  nozzles  were  taken  in  the  (X,Y)  and  (X,Z)  planes  at  X/h  =  2  and 
6.8.  LDV  profiles  in  the  (X,Y)  and  (X,Z)  planes  for  the  simple  wake  flow  of  the  no 
injection  (N)  case  and  the  injection  case  using  the  circular  (C)  nozzle  included 
measurements  at  these  stations  as  well.  Thus,  the  profiles  of  all  four  cases  for  which 
LDV  data  were  obtained  [no  injection  (N)  case,  and  injection  cases  using:  circular  (C), 
circular-with-tabs  (Tl)  and  elliptic  (El)  nozzles]  at  the  stations  X/h  =  2  and  6.8  are 
presented  in  a  superimposed  fashion  in  Figures  5.83  to  5.110.  The  absence  of  a  LDV 
data  on  centerline  of  the  injection  (C)  case  at  X/h  =  2  unfortunately  limits  comparison  of 
results  at  this  location.  This  superimposed  format  facilitates  direct  comparison  between 
the  profile  distributions  for  each  case. 

5.3.4.1  LDV  profiles  in  the  (X,Y)  plane  for  the  circular-with-tabs  (Tl)  and  elliptic 
(El)  nozzles. 

Mean  Velocity 

Nondimensional  mean  streamwise  velocity  profiles  in  the  (X,Y)  plane  of  all  four 
cases  for  which  LDV  data  was  obtained  (N,  C,  Tl,  El)  are  shown  in  Figures  5.83  and 
5.84.  These  profiles  represent  a  single  (X,Y)  plane  located  on  the  centerline  of  the  jet 
and  therefore  represent  a  single  slice  of  the  three-dimensional  flow  field.  It  is 
immediately  evident  that  helium  injection  from  the  different  nozzle  geometries  reduces 
the  velocity  deficit  in  the  region  behind  the  base  of  the  strut  (Figure  5.83).  The  mean 
streamwise  velocity  distribution  in  the  region  of  the  jet  is  noticeably  different  for  the 
different  nozzle  geometries  (Tl  and  El)  at  X/h  =  2.  The  fact  that  the  distribution  for  the 
Tl  case  is  similar  in  shape  to  the  no  injection  (N)  case  shows  the  absence  of  strong  jet 
effects  on  centerline.  This  is  the  result  of  the  bifurcation  of  the  jet  into  two  adjacent  core 
flows  (see  discussion  in  Section  5.2),  allowing  primary  flow  to  enter  between  the  core 


161 


flows  as  if  the  jet  were  absent.  The  vast  differences  in  the  distribution  shape  and 
magnitude  at  X/h  =  2  are  not  as  apparent  at  X/h  =  6.8  (Figure  5.84). 

Figure  5.85  and  5.86  show  the  mean  transverse  velocity  profiles  in  the  (X,Y)  plane 
for  all  four  cases  at  stations  X/h  =  2  and  6.8  .  These  profiles  are  on  the  centerline  of  the 
jet  and  represent  a  single  cross-sectional  plane.  The  magnitude  of  the  peak  values  of  the 
transverse  velocity  indicate  the  relative  strength  of  the  expansion  fan  emanating  from  the 
top  and  bottom  edges  of  the  base  of  the  strut.  The  expansion  fan,  driven  by  the  pressure 
deficit  behind  the  base  of  the  strut,  is  the  mechanism  by  which  the  primary  freestream 
flow  is  directed  toward  the  centerline  of  the  strut;  the  figures  show  that  the  expansion  fan 
is  indeed  weakened  on  centerline  by  the  presence  of  the  jet.  At  X/h  =  2,  the  flow  without 
injection  has  a  slightly  higher  peak  transverse  velocity  value  than  the  injection  cases.  At 
X/h  =  6.8,  the  transverse  velocity  distributions  for  the  T1  and  El  cases  show  that  a  larger 
component  of  velocity  is  directed  toward  the  centerline  of  the  jet  in  the  mixing  region 
than  the  C  case,  which  itself  is  nearly  identical  to  the  no  injection  (N)  case.  This  suggests 
the  active  engulfing  of  freestream  fluid  by  the  jet  dynamics  of  the  T1  and  El  cases  in  the 
(X,Y)  plane  located  on  the  centerline  of  the  jet  (Z=0). 

The  spanwise  velocity  and  turbulence  intensities  in  this  region  could  prove  vital  to 
residence  time  and  flame  holding  characteristics.  Further  investigation  including 
spanwise  velocity  measurements  using  three-component  LDV  would  be  necessary  for 
detailed  characterization  of  the  flow. 

Turbulent  normal  and  shear  stresses 

Figures  5.87  and  5.88  show  the  streamwise  turbulence  intensities  in  the  (X,Y)  plane 
at  stations  X/h  =  2  and  6.8  of  all  four  cases  for  which  LDV  data  were  acquired.  At  X/h  = 
2,  the  distributions  in  the  mixing  region  vary  dramatically  for  the  different  nozzle 
geometries  (Figure  5.87).  The  peak  turbulence  intensities  values  at  for  all  the  injection 
cases  are  lower  than  the  peak  values  for  the  no  injection  (N)  case.  By  X/h  =  6.8,  the 
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shapes  of  the  distributions  for  the  injection  cases  are  not  as  distinct  and  the  turbulence 
intensities  have  decreased  dramatically  to  about  60%  of  their  values  at  X/h  =  2. 

The  most  noticeable  feature  of  the  streamwise  turbulence  intensities  is  the  triple 
hump  behavior  of  the  jet  emanating  from  the  El  nozzle  at  station  X/h  -  2.  The  central 
hump  reflects  the  presence  of  the  jet,  while  the  humps  on  each  side  show  the  presence  of 
the  mixing  layers  formed  at  the  base  of  the  strut.  The  peaks  of  the  two  humps 
corresponding  to  the  mixing  layers  formed  at  the  base  of  the  strut  are  farther  apart  in  the 
El  case  than  in  the  N  case.  This  suggests  that  the  mixing  layers  are  displaced  by  the  jet 
in  the  El  case.  Considering  the  overall  configuration  of  the  different  nozzles,  in  different 
orientations,  mounted  in  the  base  of  the  strut,  it  is  evident  that  the  boundary  of  the  jet  at 
the  nozzle  exit  in  the  El  case  reaches  closer  to  the  primary  freestream  flow  passing  over 
the  top  and  bottom  edges  of  the  strut  than  the  jet  in  either  the  C  or  T1  cases.  Thus,  the  jet 
in  the  El  case  has  the  strongest  effect  on  the  mixing  layers  at  the  base  of  the  strut,  and 
vice  versa,  and  acts  to  deflect  the  mixing  layers  so  that  they  travel  along  a  more  separated 
path  as  compared  to  the  no  injection  (N)  case. 

The  oblong  jet  of  the  El  case  then  switches  axes  immediately  downstream  of  the 
nozzle  exit,  so  that  its  major  axis  is  aligned  along  the  span  of  the  strut.  This  places  the 
smaller  dimension  (minor  axis)  of  the  elliptic  jet  between  the  mixing  layers  and  explains 
why  a  separation  appears  between  the  peak  streamwise  turbulence  intensity  values  in  the 
jet  and  those  in  the  mixing  layer  at  X/h  =  2  shown  in  Figure  5.87. 

Figures  5.89  and  5.90  show  the  transverse  turbulence  intensities  in  the  (X,Y)  plane  at 
stations  X/h  =  2  and  6.8  of  all  four  cases  for  which  LDV  data  was  obtained.  At  X/h  =  2, 
the  distributions  for  the  T1  and  El  cases  are  similar  in  shape  and  are  slightly  more 
compact  arovmd  the  jet  centerline  than  the  no  injection  (N)  case.  The  side  humps  of  the 
transverse  turbulence  intensity  distribution  coincide  with  regions  of  the  expansion  fan 
and  thus  are  related  to  the  dynamics  of  expansion.  At  X/h  =  6.8,  the  transverse 
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turbulence  intensity  for  the  circular  (C)  jet  is  higher  than  the  El  and  T1  cases  and  is 
nearly  equal  to  the  N  case.  Since  turbulence  intensity  signifies  turbulent  transport,  which 
perpetuates  mixing,  this  suggests  that  the  mixing  activity  progresses  more  rapidly  in  the 
T1  and  El  cases,  to  achieve  more  uniform  flow  by  X/h  =  6.8.  Whether  the  T1  or  the  El 
nozzle  produces  more  effective  mixing  is  difficult  to  judge  from  these  profiles. 

Figures  5.91  and  5.92  show  the  ratio  of  the  streamwise  to  transverse  turbulence 
intensities  ctu/Oy  in  the  (X,Y)  plane  at  stations  X/h  =  2  and  6.8  of  all  the  cases  for  which 
LDV  data  was  obtained.  For  all  the  injection  cases,  as  well  as  for  the  no  injection  (N) 
case,  the  streamwise  turbulence  intensity  is  significantly  higher  than  the  transverse 
turbulence  intensity  in  the  mixing  layers.  The  mixing  layers  in  the  no  injection  case  are, 
of  course,  the  nominally  two-dimensional  mixing  layers  emanating  from  the  base  of  the 
strut,  and  the  mixing  layers  in  the  injection  cases  are  the  composite  mixing  layers  created 
from  interaction  of  the  jet  and  the  aforementioned  mixing  layers  formed  at  the  base  of  the 
strut.  The  peak  streamwise  to  transverse  turbulence  intensity  ratio  (au/Oy  =  2.4)  occurs 
at  X/h  =  2  for  the  El  case.  At  X/h  =  6.8,  the  peak  streamwise  turbulence  intensity  values 
are  still  higher  than  the  transverse  values  (1.5  <  Gu/Oy  <  1.7).  The  dominance  of  the 
streamwise  turbulence  intensity  over  the  transverse  turbulence  intensity  is  attributed  to 
compressibility  affects  in  the  mixing  region. 

Figures  5.93  and  5.94  show  the  turbulent  shear  stress  in  the  (X,Y)  plane  at  stations 
X/h  =  2  and  6.8  of  all  the  cases  for  which  LDV  data  were  obtained.  At  X/h  =  2,  the 
distribution  for  all  the  injection  cases  (C,  Tl,  El)  are  virtually  the  same  and  drastically 
lower  (five  times)  than  for  the  no  injection  (N)  case  in  the  mixing  region.  Since  turbulent 
shear  stress  indicates  mixing  potential,  these  results  suggest  that  the  shear  layers  between 
the  helium  and  air  is  not  as  active  as  the  shear  layers  of  the  wake  flow  without  injection. 
This  maybe  due  to  velocity,  density,  or  compressibility  effects.  By  X/h  =  6.8  the 
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turbulent  shear  stress  distribution  has  dropped  drastically  for  the  no  injection  (N)  case 
and  slightly  for  the  injection  cases. 

Figures  5.95  and  5.96  show  the  turbulent  shear  stress  correlation  coefficient  in  the 
(X,Y)  plane  at  stations  X/h  =  2  and  6.8  of  all  the  cases  for  which  LDV  data  was  obtained. 
A  high  correlation  coefficient  indicates  the  pressure  of  coherent  structures.  At  X/h  =  2, 
the  correlation  coefficient  for  the  C  case  most  closely  follows  the  no  injection  (N)  case. 
The  T1  and  El  cases  have  a  slightly  different  distribution  in  the  vicinity  of  the  mixing 
layers.  This  suggests  that  structures  in  the  mixing  layers  of  the  wake  flow  prevail,  but  are 
modified,  with  injection  of  helium  from  the  base  of  the  strut. 

Summary 

A  survey  of  the  LDV  data  in  the  (X,Y)  plane  at  X/h  =  2  and  6.8  suggests  that  the 
injected  helium  jet  for  all  nozzle  configurations  is  contained  in  the  transverse  (Y) 
direction  within  the  region  marked  by  the  mixing  layers  formed  at  the  base  of  the  strut  in 
the  flow  without  injection.  The  relative  magnitudes  and  shapes  of  the  streamwise 
velocity  and  turbulence  intensity  values  are  significantly  different  for  the  various  nozzle 
geometries  tested:  circular  (C),  circular-with-tabs  (Tl),  and  elliptic  (El).  The  similarity 
in  shape  between  the  streamwise  velocity  profile  for  the  Tl  case  and  the  N  case  at  X/h  = 
2  suggests  a  bifurcation  of  the  jet  emanating  from  the  Tl  nozzle,  as  seen  in  the 
Rayleigh/Mie  images  in  Section  5.2.2.  The  shape  of  the  streamv^nse  turbulent  shear  stress 
profile  for  the  El  case  indicates  that  the  jet  does  not  expand  to  fill  the  entire  region 
between  the  two  mixing  layers  formed  at  the  base  of  the  strut  as  the  circular  jet  does. 
Furthermore,  this  contour  shows  that  the  jet  issuing  from  the  El  nozzle  displaces  the 
mixing  layers  on  each  side  of  the  jet  away  firom  the  centerline  of  the  strut  relative  to  the 
mixing  layers  of  the  no  injection  (N)  case. 
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5.3.4.2  LDV  Profiles  in  the  (X,Z)  plane 


As  expected,  unlike  the  profiles  in  the  (X,Y)  plane,  the  LDV  profiles  in  the  (X,Z) 
plane  for  the  helium  injection  cases  (C,  Tl,  El)  are  drastically  different  from  the  no 
injection  (N)  case  across  the  entire  span  of  the  strut  (Figures  5.97  to  5.110).  The  majority 
of  the  helium  exiting  the  nozzle  travels  in  the  streamwise  direction  in  the  form  of  a 
plume,  which  will  be  referred  to  as  the  jet  proper.  However,  a  fraction  of  the  helium 
exiting  the  nozzle  fills  the  low  pressure  region  on  the  spanwise  sides  of  the  jet  between 
the  mixing  layers  formed  at  the  base  of  the  strut.  This  region  on  each  spanwise  side  of 
the  jet  will  be  referred  to  as  the  wake  region  (this  is  a  modified  wake  flow  and  not 
necessarily  two-dimensional).  The  flow  properties,  in  both  the  jet  proper  and  in  the  wake 
regions  on  each  spanwise  side  of  the  jet,  in  the  (X,Z)  plane  differ  significantly  with  the 
various  injector  geometries. 

Mean  velocity 

Normalized  mean  streamwise  velocity  profiles  in  the  (X,Z)  plane  at  stations  X/h  =  2 
and  6.8  of  all  four  cases  for  which  LDV  data  was  obtained  (N,  C,  Tl,  El)  are  shown  in 
Figures  5.97  and  5.98,  respectively.  At  X/h  =  2,  the  profiles  vary  in  shape,  spanwise 
spread  of  the  jet  proper,  peak  velocity  magnitude  in  the  jet  proper,  and  velocity 
magnitude  in  the  wake  region  (Figure  5.97).  The  distribution  of  the  (C)  case  in  the  jet 
proper  is  Gaussian  shape  with  a  peak  velocity  of  U IUrQf=  0.89  being  the  largest  of  all 
the  injection  cases.  This  corresponds  to  an  absolute  velocity  of  460  m/s,  as  discussed  in 
Section  5.3. 3.2).  The  velocity  distribution  outside  the  jet  proper  coincides  with  the 
profile  of  the  no  injection  (N)  case,  suggesting  that  the  helium  issuing  from  the  circular 
(C)  nozzle  remains  predominantly  in  the  jet  plume.  The  distribution  for  the  (El)  case 
exhibits  a  double  hump,  reflecting  the  jet  bifurcation  commonly  occurring  in  jets 
emanating  from  large  aspect  ratio  nozzles,  with  a  peak  value  of  U IUref=  0.84.  The 
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relatively  high  velocity  values  in  the  wake  region  for  the  El  case  as  compared  to  the  no 
injection  case  suggests  that  a  significant  portion  of  the  helium  exiting  the  El  nozzle 
enters  the  wake  region.  The  dips  at  the  edge  of  the  jet  proper  suggests  that  structures  in 
the  flow  cause  velocity  deficits  at  these  points.  The  T1  case  exhibits  a  flat  profile  with 
small  irregular  variations  in  the  jet  proper  and  streamwise  velocity  values  in  the  wake 
flow  that  are  lower  than  the  no  injection  (N)  case.  The  slightly  lower  velocity  in  the 
wake  region  suggests  that  perhaps  the  helium  jet  exiting  the  T1  nozzle  engulfs  a  small 
amount  of  fluid  from  the  wake  region.  This  seems  counter  intuitive  since  the  jet  fluid  in 
the  T1  is  expected  to  flow  radially  outward  on  the  sides  of  the  nozzle  without  tabs  as 
discussed  in  Section  5.2.2.2.  Further  investigation,  including  measurements  of  spanwise 
velocity,  would  be  useful  in  analyzing  the  complete  dynamics  in  the  wake  flow. 

At  X/h  =  6.8,  the  absolute  peak  velocity  of  the  circular  jet  decreases  slightly  while 
the  peak  velocities  of  the  T1  and  El  cases  increase  as  compared  to  the  peak  values  at  X/h 
=2.  The  El  case  still  shows  a  double  hump,  representing  the  bifurcation  of  the  jet.  The 
T1  case  now  shows  a  triple  peak,  with  the  center  peak  being  highest.  The  central  peak  is 
related  to  the  engulfing  of  freestream  air,  traveling  faster  than  the  jet  proper,  into  the 
center  of  the  helium  jet  where  bifurcation  occurs;  the  side  peaks  represent  the  bifurcated 
cores  of  the  helium  jet  in  the  T1  case. 

Figures  5.99  and  5.100  show  the  mean  transverse  velocity  profiles  in  the  (X,Z)  plane 
at  stations  X/h  =  2  and  6.8.  In  an  ideally  symmetric  flow,  the  transverse  velocity  along 
the  base  of  the  strut,  both  in  the  jet  proper  and  wake,  would  be  zero.  This  is  the  case  for 
the  flow  without  injection.  However,  at  X/h  =  2,  the  transverse  velocity  distribution  for 
the  injection  cases  are  nonzero  and  somewhat  symmetric  about  the  jet  centerline.  For 
example,  the  C  case  exhibits  a  fluctuating  velocity  contour  with  a  peak  negative  velocity 
equal  to  15%  of  the  freestream  reference  velocity  at  the  center  of  the  jet.  This  is 

not  surprising  considering  the  large  transverse  velocity  gradients  on  centerline,  and  the 
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fact  that  a  slight  deviation  of  the  LDV  measurement  volume  from  the  jet  centerline  would 
result  in  velocity  values  other  than  zero.  The  symmetry  of  the  distributions  about  the  jet 
centerline  suggests  the  presence  of  structures  in  the  jets.  At  X/h  =  6.8,  the  transverse 
velocity  is  relatively  uniform  in  the  jet  proper. 

Turbulent  normal  and  shear  stresses 

Figures  5.101  and  5.102  show  the  streamwise  tiubulence  intensities  in  the  (X,Z) 
plane  at  stations  X/h  =  2  and  6.8  of  all  cases  for  which  LDV  data  was  obtained.  At  X/h  = 
2,  for  all  injection  cases,  the  streamwise  turbulence  intensity  is  smaller  in  the  jet  proper 
than  in  the  wake  regions  on  each  side  of  the  jet  proper.  For  example,  the  turbulence 
intensity  in  the  El  case  is  the  most  uniform  and  lowest  (<7u/17^gy'=  0.06)  in  the  jet  proper, 
and  has  a  value  3  times  smaller  than  the  value  in  the  wake  flow  to  each  side  of  the  jet 
proper 

{^SyjJUref—  0.20).  The  turbulence  intensity  values  in  the  wake  flow  on  each  side  of  the  jet 
proper  is  highest  for  the  El  case  {<5yylUref=  0.20),  and  only  slightly  higher  for  the  C  case 
(S^\xlUref=  0.15)  and  about  equal  for  the  T1  case,  as  compared  to  the  value 

~  0-13)  for  the  flow  without  injection.  Downstream,  at  X/h  =  6.8,  the 
streamwise  turbulence  intensity  is  still  lower  in  the  jet  proper,  with  El  being  lowest, 
followed  by  the  T1  and  C  cases.  However,  the  values  in  the  wake  region  on  each 
streamwise  side  of  the  jet  proper  are  nearly  equal  to  the  no  injection  case  values. 

Figures  5.103  and  5.104  show  the  transverse  turbulence  intensities  in  the  (X,Z)  plane 
at  stations  X/h  =  2  and  6.8  of  all  cases  for  which  LDV  data  was  obtained.  At  X/h  =  2,  the 
profiles  show  the  same  trend,  with  all  the  jets  having  a  lower  turbulence  intensity  in  the 
jet  proper  as  compared  to  the  wake  region  surrounding  the  jet  proper.  Since  the 
streamwise  and  transverse  turbulence  intensities  are  so  uniform  and  low  in  the  jet  proper 
of  the  El  case  0.06),  it  seems  that  the  jet  proper  is  most  coherent  for  this 
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nozzle  configuration.  Downstream  at  X/h  =  6.8,  the  transverse  turbulence  intensities  in 
the  jet  proper  are  still  lower  than  the  wake  flow  on  each  spanwise  side  of  the  jet. 

Figures  5.105  and  5.106  show  the  ratio  of  streamwise  to  transverse  turbulence 
intensity  ratios  in  the  (X,Z)  plane  at  stations  X/h  =  2  and  6.8.  The  flow  is  isotropic  (o^/o 
V  =  1)  in  the  wake  of  the  no  injection  (N)  case.  The  flow  is  anisotropic  for  the  injection 
cases,  signifying  that  turbulent  transport  at  each  point  is  biased  either  in  the  transverse  or 
streamwise  direction.  Since  turbulent  transport  in  the  streamwise  direction  is 
insignificant  to  the  mixing  of  the  helium  jet  with  the  surrounding  air,  the  locations  where 
(Ju/Ov  <  1,  and  and  Oy  are  large,  are  favorable  for  jet  mixing.  At  X/h  =  2  the  circular 
(C)  case  exhibits  larger  transverse  than  streamwise  turbulence  intensities  in  the  jet  to  each 
spanwise  side  of  the  center.  The  entire  Ou/Ov  distribution  for  the  T1  case  is  close  to  one. 
The  streamwise  turbulence  intensity  values  in  the  center  of  the  distribution  for  the  El 
case  are  one,  although,  the  side  values  are  near  Gu/Oy  =  1.5,  which  is  not  favorable  for 
mixing  in  the  wake  of  the  El  case.  The  distribution  becomes  more  uniform  downstream 
at  X/h  =  6.8  for  all  the  injection  cases. 

Figures  5.107  and  5.108  show  the  turbulent  shear  stress  profiles  in  the  (X,Z)  plane  at 
stations  X/h  =  2  and  6.8  of  all  cases  for  which  LDV  data  was  obtained.  The  shear  stress 
is  relatively  low  in  the  jets  as  compared  to  the  wake  flow  surrounding  the  jets.  The  most 
noticeable  factor  is  the  relatively  high  shear  stress  in  the  wake  region  to  each  spanwise 
side  of  the  jet  proper  in  the  El  case,  with  virtually  zero  shear  stress  in  the  jet  proper.  The 
C  case  shows  nearly  zero  shear  at  the  jet  centerline  and  relatively  high  values  in  the  wake 
region.  At  X/h  =  6.8,  the  turbulent  shear  stresses  have  diminished  to  nearly  zero  for  the 
injection  cases  and  the  no  injection  case. 

Figures  5.109  and  5.110  show  the  turbulent  shear  stress  correlation  coefficient 
profiles  in  the  (X,Z)  plane  at  stations  X/h  =  2  and  6.8  of  all  cases  for  which  LDV  data 
was  obtained.  Similar  to  the  shear  stress  profiles,  the  correlation  coefficients  fluctuate  in 
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the  jet  proper,  with  values  less  than  the  surrounding  wake  flow,  suggesting  that  the  jet 
structures  are  not  very  coherent.  However,  the  correlation  coefficients  for  the  C  and  (El) 
case  are  higher  in  the  wake  region  to  each  spanwise  side  of  the  jet,  as  compared  to  the 
wake  flow  without  injection,  which  suggests  that  the  addition  of  helium  has  enhanced  the 
flow  pattern  in  the  wake  region. 

Summary 

The  profiles  in  the  (X,Z)  plane  at  X/h  =  2  show  significant  differences  between  the 
injection  cases  for  which  LDV  data  were  obtained  (N,  C,  Tl,  El).  The  most  noticeable 
differences  are  the  increase  in  streamwise  velocity,  streamwise  turbulence  intensity,  and 
shear  stress  in  the  wake  region  at  X/h  =  2  for  the  jet  emanating  from  the  elliptic  no22;le  in 
the  El  orientation.  This  suggests  that  a  substantial  amount  of  the  helium  exiting  the  El 
nozzle  enters  the  wake  region  and  greatly  effects  the  wake  region.  The  differences 
diminish  downstream  to  be  nearly  uniform  at  X/h  =  6.8.  This  suggests  that  the  bulk  of 
the  mixing  occurs  upstream  of  X/h  =  6.8.  However,  the  low  values  of  transverse 
turbulence  intensity  in  the  jet  proper  (which  may  be  largely  due  to  compressibility 
effects)  suggests  that  the  elliptic  nozzle  shows  little  promise  for  jet  mixing  in  the 
transverse  direction.  Nonetheless,  it  appears  clear  that  the  different  nozzle  geometries  do 
have  an  effect  on  the  overall  spanwise  flow  field  behind  the  base  of  the  strut  in  the 
nearfield  and  that  this  effect  diminishes  as  the  jet  fluid  travels  downstream,  becoming 
negligible  by  X/h  =  6.8. 
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Table  3.  Parameters  of  large-scale  mixing. 


X/h 

Nozzle 

Area 

(square  pixels) 

Perimeter 
(pixel  units) 

Effective 

Radius 

Shape 

Factor 

1 

c 

26368.00 

695.12 

91.61 

1.208 

1 

t1 

25166.00 

807.00 

89.50 

1.435 

1 

t2 

26373.00 

759.80 

91.62 

1.320 

1 

t3 

30597.00 

711.10 

98.69 

1.147 

1 

e1 

23355.00 

685.60 

86.22 

1.266 

1 

e2 

22945.00 

688.30 

85.46 

1.282 

1 

e3 

27035.00 

645.00 

92.77 

1.107 

2 

c 

25533.00 

730.00 

90.15 

1.289 

2 

t1 

34193.00 

974.00 

104.33 

1.486 

2 

t2 

28209.00 

729.00 

94.76 

1.224 

2 

t3 

34943.00 

796.00 

105.46 

1.201 

2 

el 

22674.00 

786.00 

84.96 

1.472 

2 

e2 

24613.00 

792.00 

88.51 

1.424 

2 

e3 

28978.00 

693.00 

96.04 

1.148 

4 

c 

26415.00 

662.89 

91.70 

1.151 

4 

t1 

34807.00 

1204.50 

105.26 

1.821 

4 

t2 

32160.00 

1039.00 

101.18 

1.634 

4 

t3 

34414.00 

767.75 

104.66 

1.167 

4 

e1 

29532.00 

950.70 

96.96 

1.561 

4 

e2 

19352.00 

752.20 

78.49 

1.525 

4 

e3 

31456.00 

721.70 

100.06 

1.148 
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Figure  5.1.  Sclil'eie  i  ^^hotograph  of  streamwise  (X,Y)  plane  of  view  without  injection. 


Figure  5.3.  Instantaneous  Rayleigh/Mie  images  of  boundary  layer.  Streamwise  (X,Y)  plane 
of  view  located  on  centerline  of  the  strut  (Z=0)  for  the  no  injection  (N),  and  helium  injection 
('F=4)  through  circular  (C)  nozzle. 
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Figure  5.4.  Instantaneous  acetone  PLIF  images  of  helium  injection  through 
circular  nozzle  (C)  at  static  pressure  ratios  'P=l,  4^=2,  and  'P=4.  Streamwise 
(X,  Y)  plane  of  view  located  on  centerline  of  the  jet. 
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Figure  5.5.  Schematic  of  instantaneous  Rayleigh/Mie  scattering  ima^'es  for  the 
a)  streamwise  (X,Y),  b)  plan  (X,Z)  and  c)  face-on  (Y,Z)  planes  of  view. 
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ozzle 
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5.8.  Instantaneous  Rayleigli/Mie  images  of  slreamwise  (X.Y)  plane  of  view  located  on  the  centerline  of  injector 

nozzle  (Z=0)  for  the  no  injection  (N)  case  and  lieliiim  injection  ('F  =  4)  cases  (C.  Tl.  T2  ,T3  ,EI  ,E2  ,E3).  Downstream  view. 


and  b)  corrected  image  of  scale  used  for  RayleighMie 
scattenng  images  of  the  face-on  (Y,Z)  plane  of  view.  Grid  size  is  2  54  by  2.54  rr 
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Figure  5.10.  a)  Original  and  b)  corrected  instantaneous  Rayleigh/Mie  image  of 
the  face-on  (Y,Z)  plane  of  view  located  at  X/h=2  for  helium  injection  (Y=4) 
using  circular  (C)  nozzle. 
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I  (Y,Z)  plane  of  view  located  at  X/h  =  1  for  the 
cases  (C,  Tl,  T2  ,T3  ,E1  ,E2  ,F3). 
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5.1 3.  Instantaneous  Rayleigh/Mie  images  of  ftice-on  (Y.Z)  plane  of  view  located  at  X/h  =2  for  the  no 
injection  (N)  case  and  helium  injection  {W  =  4)  cases  (C,  Tl,  T2  ,T3  ,E1  ,E2  .E3). 
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5. 14.  Average  Rayleigh/Mie  images  of  face-on  (YZ)  plane  of  view  located  at  X/h  =  2  for  the  no 
injeciion  (N)  case  and  helium  injection  Ch  =  4)  cases  (C.  'fl,  T2  ,T3  ,E1  ,H2  .E3). 


3.15.  fnslantaiieoiis  Rayleigh/Mic  images  of  face-on  (Y,Z)  plane  of  view  located  at  X/h  =  4  for  the  no 
injection  (N)  case  and  helium  injection  (H’  =  4)  ca.ses  (C,  Tl,  T2  ,T3  ,E1  ,E2  J'3). 


rcrage  Rayleigh/Mie  images  of  face-on  (Y,Z)  plane  of  view  located  at  X/!' 
I  (N)  case  and  helium  injection  (NP  =  4)cases  (C,  Tl,  T2  ,T3  ,E1  .E2  ,E3). 


5. 17.  Instantaneous  Rayleigh/Mie  images  of  face-on  (Y,Z)  plane  of  view  located  at  X/h  =6.8  for  the  no 
injection  (N)  case  and  helium  injection  (T  =  4)  cases  (C,  Ti,  T2  ,T3  ,E1  ,E2  ,E3). 


5.18.  Average  Rayleigh/I 
injection  (N)  case  and  hel 
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5.19.  Instantaneous  Rayleigh/Mie  images  of  face-on  (Y,Z)  plane  of  view  located  at  X/li  =10  for  the 
injection  (N)  case  and  helium  injection  =  4)  cases  (C,  Tl,  T2  ,T3  ,E1  ,E2  ,E3). 
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3.20.  Average  Rayicigh/Mic  images  of  face-on  { Y,Z)  plane  of  vie 
injection  (N)  case  and  helium  injection  (M^  =  4)  cases  (C.  Tl,  T2  ,'l 


Figure  5.21.  Dlustration  depicting  the  second  most  dominant  component  of  mean 
flow  velocity  of  the  jet  issuing  from  the  circular-with-tabs  nozzle  configurations 
Tl,  T2,  and  T3.  The  most  dominant  component  of  the  jet  mean  flow  velocity  is 
the  streamwise  component  directed  out  of  the  plane  of  the  page. 
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5.24.  Standard  deviation  of  Rayleigh/Mie  images  of  face-on  (Y,Z)  plane  of  view  located  at 

X/h  =  1  for  the  no  injection  (N)  case  and  helium  injection  (M'  =  4)  ca.ses  (C,  T1 ,  T2  ,T3  ,E1  ,E2  ,E3). 


ges  of  face-on  (Y,Z)  plane  of  view  located  at 
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Figure  5.27.  Example  of  a  standard  deviation  of  Ray!eigh/Mie  image  of  face-on 
(Y.Zj  plane  of  view  with  corresponding  schematic  of  visually  approximated 
contour  of  highe.st  standard  deviation  values. 
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Figure  5.28.  Plot  of  cross-sectional  areas  of  the  helium  jet  ('F=4)  determined  from 
Rayleigh/Mie  scatttering  images  of  face-on  (Y,Z)  planes  of  view  locatedat  X/h  =1,2,  and  4. 
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Figure  5.30.  Hypothetical  fuel  concentration  measurements  at  a  point  in  a  two 
segregated-stream  flow  of  pure  air  and  pure  fuel. 


Figure  5.3 1.  Hypothetical  fuel  concentration  measurements  at  a  point  in  a  two 
segregated-stream  flow  of  60%  and  40%  fuel  to  air  ratio  mixtures. 
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air  concentration  (Xa)  s  air  concentration  (Xa) 


1.0 


(4^=4)  case  using  circular  (C)  nozzle. 


'Y,Z)  plane  of  view  located 


Figure  5.37.  Mixedness  contours  along  a  vertical  line  passing  through  the  center  pixel  of  the  mixedness 
maps  shown  in  Figure  5.36. 


Figure  5.38.  Mixedne.ss  contours  along  a  horizontal  line  passing  through  the  center  pixel  of  the  mixedness 
maps  shown  in  Figure  5.36. 


Figure  5.40.  Normalized  mean  streamwise  turbulence  intensity  in  (X.Y) 
plane  at  X/h  =  -2,  -1,  0.  One-component  (A  )  and 

two-component  (O  )  measurements. 


Y/5 


Boundary  Layer  Velocity  Profile  at  X=-1.27  cm 


Figure  5.41.  Boundary  layer  velocity  profiles  from  one-  and  two-component  Laser 
Doppler  Velocimetry  (LDV)  measurements  at  X/h=l  superimposed  on  Wall-Wake 
Law  calculated  boundary  layer  profile  assuming  5=5. 6mm  and  C.=0.0016. 
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Figure  5.42.  Generalized  velocity  defect  in  boundary  layer  for  present  study 
superimposed  on  profiles  for  compressible,  adiabatic  flat-plate  boundary  layers 
(from  Maise  and  McDonald  [Copyright  ©  1968  AIAA  -  Reprinted  with  permission]). 
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Boundary-layer  turbulence  intensity  measurements 


Figure  5.43.  Turbulence  intensity  measurements  in  the  boundary  layer  of  the 
present  study  superimposed  on  measurements  from  previous  studies  for  various 
Mach  numbers  from  Kuntz  et  al.  [Copyright  ©  1973  AIAA  -  Reprinted 
with  permission]). 


212 


Xfh- 


tT  C\J  O  OJ  ^ 

q/X  uojjHOOi  asj0ASUBJi 


213 


Figure  5.44  Normalized  mean  streamwise  velocity  in  (X,Y 


Figure  5.45  Normalized  mean  streamwise  velocity  on  centerline  of  strut  (X-axis)  for  the  no  injection  (N)  case. 
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Figure  5. 
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Figure  5.48.  Normalized  mean  transverse  velo 


eamwise  turbulence 
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injection  (N)  case.  Composite  plot. 
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Figure  5.53.  Transverse  turbulence  intensity  in  (X,Y)  plane  for  the 
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no  injection  (N)  case.  Composite  plot. 


X/h=:0 
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Figure  5.56  Turb 


Figure  5.57.  Turbulent  .shear  stress  in  (X,Y)  pi 
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Figure  5.59.  Tiubulent  .shear  stress  correlation  coefficient  in  (X,Y)  plane  for  the  no  injection  (N)  case.  Composite  plot. 
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Figure  5.60  Normalized  mean  streamwise  velocity  in  (X,Z)  plane 


Figure  5.61  Normalized  mean  transverse  velocity  in  (X,Z)  plane  ft 
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Figure  5.62  Streamwise  turbulence  intensity  in  (X,Z)  plane  for  the  no  injection  (N)  case. 


0.25 


njection  (N)  case. 
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Figure  5.64  Ratio  of  streamwise  to  transverse  turbulence  intensities  in  (X,Z)  plane  for  the 


Figure  5.65 
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Figure 
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Figure  5.67  Illustration  of  the  mixing  interaction  of  the  helium  jet  and  the  mixing  layers  formed  between  the  primary 
flow  and  the  recirculating  flow. 
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Figure  5.68  Normalized  mean  streamwise  velocity  in  (X,Y) 
case  using  circular  (C)  nozzle  (•). 


Figure  5.69  Normalized  mean  streamwise  velocity  on  centerline  of  strut  (X-axis)  for  the  no  injection  (N)  case. 


X/h=6.8  X/h=10 


5  Ratio  of  streamwise  to  transverse  turbulence  intensities  in  (X,Y)  plane  for  the  no  injection  (N)  case 
injection  case  using  circular  (C)  nozzle  (O). 
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Figure  5.74  Turbulent  shear  stress  in  (X,Y)  plane  for  the  no  injection  (N)  case 
using  circular  (C)  nozzle  (A). 


X/h=10 
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Figure  5.76  Normalized  mean  streamwise  velocity  in  (X,Z)  plane  for  the  no  injection  (N)  case  and  the  helium  injection  case 
using  circular  (C)  nozzle. 
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Fipre  5.77  Nomalized  mean  transverse  velocity  in  (X,Z)  plane  for  the  no  injection  (N)  case  and  the  helium  injection  case 
using  circular  (C)  nozzle. 


no  injection 
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Figure  5.78  Streamwise  turbulence  intensity  in  (X,Z)  plane  for  the  no  injection  (N)  case  and  the  helium  injection  case 
using  circular  (C)  nozzle. 
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Figure  5.79  Transverse  turbulence  intensity  in  (X,Z)  plane  for  the  no  injection  (N)  case  and  the  helium  injection  case 
using  circular  (C)  nozzle. 
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Figure  5.80  Ratio  of  streamwise  to  transverse  turbulence  intensities  in  (X,Z)  plane  for  the  no  injection  (N)  case  and  the 
helium  injection  case  using  circular  (C)  nozzle. 
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Figure  5.81  Turbulent  shear  stress  in  (X,Z)  plane  for  the  no  injection  (N)  case  and  the  helium  injection  case 
using  circular  (C)  nozzle. 
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Figure  5.82  Turbulent  shear  stress  correlation  coefficient  in  (X,Z)  plane  for  the  no  injection  (N)  case  and  the  helium  injection 
case  using  circular  (C)  nozzle. 
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Figure  5.83  Normalized  mean  streamwise  velocity  in  (X,Y)  plane  at  X/h=2  for  all  cases. 
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Figure  5.84  Normalized  mean  streamwise  velocity  in  (X,Y)  plane  at  X/h=6.8  for  all  cases 
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Figure  5.85  Normalized  mean  transverse  velocity  in  (X,Y)  plane  at  X/h=2  for  all 


no  injection  (N) 
circular  nozzle  (C) 
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Figure  5.86  Normalized  mean  transverse  velocity  in  (X,Y)  plane  at  X/h=6.8  for  all  cases 
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no  injection  (N) 
circular  nozzle  (C) 
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Figure  5.88  Streamwise  turbulence  intensity  in  (X,Y)  plane  at  X/h=6.8  for  all  cases. 
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Figure  5.90  Transverse  turbulence  intensity  in  (X,Y)  plane  at  X/h=6.8  for  all  cases 
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Figure  5.91  Ratio  of  streamwise  to  transverse  turbulence  intensities  in  (X,Y)  plane  at  X/h=2  for  ail 
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Figure  5.94  Turbulent  shear  stress  in  (X,Y)  plane  at  X/h=6.8  for  all  cases. 
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Figure  5.95  Shear  stress  correlation  coefficient  in  (X,Y)  plane  at  X^=2  for  all 
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Figure  5.96  Shear  stress  correlation  coefficient  in  (X,Y)  plane  at  X/h=6.8  for  all  cases. 
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Figure  5.97  Normalized  mean  streamwise  velocity  in  (X,Z)  plane  at  X/h=2  for  all 
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Figure  5.98  Normalized  mean  streamwise  velocity  in  (X,Z)  plane  at  X/h=6.8  for  all  cases. 
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Figure  5.99  Normalized  mean  transverse  velocity  in  (X.Z)  plane  at  X/h=2  for  all 
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Figure  5. 100  Normalized  mean  transverse  velocity  in  (X,Z)  plane  at  X/h=6.8  for  all  cases 
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Figure  5.101  Streamwise  turbulence  intensity  in  (X,Z)  plane  at  X/h=2  for  all  cases. 
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Figure  5. 102  Streamwise  turbulence  intensity  in  (X,Z)  plane  at  X/h=6.8  for  all  cases. 
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Figure  5. 103  Transverse  turbulence  intensity  in  (X,Z)  plane  at  X/h=2  for  all  cases. 
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Figure  5.104  Transverse  turbulence  intensity  in  (X,Z)  plane  at  X/h=6.8  for  all  cases. 
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Figure  5. 105  Ratio  of  streamwise  and  transverse  turbulence  intensities  in  (X,Z)  plane  at  X/h=2  for  all 
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Figure  5. 106  Ratio  of  streamwise  and  transverse  turbulence  intensities  in  (X,Z)  plane  at  X/h=6.8  for  all 
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Figure  5. 107  Turbulent  shear  stress  in  (X,Z)  plane  at  X/h=2  for  all 
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Figure  5. 108  Turbulent  shear  stress  in  (X,Z)  plane  at  X/h=6.8  for  all  cases. 
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Figure  5. 109  Shear  stress  correlation  coefficient  in  (X,Z)  plane  at  X/h=2  for  all 
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Figure  5. 1 10  Shear  stress  correlation  coefficient  in  (X,Z)  plane  at  X/h=6.8  for  all  cases. 


CHAPTER  6 


SUMMARY  AND  CONCLUSIONS 

The  flow  field  without  injection  was  examined  to  establish  a  reference  case 
against  which  the  flow  field  with  helium  injection  from  the  various  nozzle  geometries 
could  be  evaluated.  Laser  Doppler  Velocimetry  (LDV)  measurements  show  the 
incoming  freestream  flow  to  be  uniform  and  symmetric  above  and  below  the  strut  with  a 
calculated  Mach  number  of  1.92  and  turbulence  intensity  of  roughly  1%.  The  boundary 
layer  thickness  (S)  was  determined  to  be  5.6  mm  with  a  peak  streamwise  turbulence 
intensity  of  about  7%.  Reverse  streamwise  velocities  up  to  8%  of  the  freestream  velocity 
were  detected  in  the  recirculation  zone  at  X/h  =  1 .  Due  to  a  coarse  measurement  grid  a 
maximum  reverse  velocity  was  not  obtained.  The  recirculation  zone  extends  to  about  X/h 
=  1.1,  where  the  two  mixing  layers  formed  between  the  primary  freestream  flow  and  the 
recirculating  flow  merge.  The  angle  of  the  slipline  at  the  boundary  of  the  recirculation 
zone  detected  from  the  LDV  data  (18*^)  matches  the  angle  visually  approximated  from 
Rayleigh/Mie  scattering  images.  As  the  mixing  layers  merge,  the  flow  is  compressed  and 
two  recompression  shock  waves  are  formed.  The  flow  field  behind  the  base  of  the  strut 
exhibits  high  turbulence  intensities  (maximum  0.23)  in  the  recompression 

region  and  a  drastic  decrease  in  tmbulence  intensities  downstream.  Also  present  are 
expansion  waves  emanating  from  the  top  and  bottom  shoulder  of  the  base  of  the  strut. 
The  predicted  angles  of  the  leading  and  trailing  expansion  waves,  emanating  from  the  top 
and  bottomshoulders  of  the  base,  using  Prandtl-Meyer  theory  match  the  angles  apparent 
on  the  schlieren  photograph. 
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For  the  injection  cases,  helium  exits  the  nozzle  into  a  low  velocity,  low  pressure 
recirculation  zone  which  approximates  underexpanded  free  jet  conditions.  When  the  jet 
encounters  the  mixing  layers  formed  between  the  primary  freestream  flow  and  the 
recirculating  fluid  at  the  base  of  the  strut,  it  experiences  azimuthal  variation  in  pressure 
and  velocity  gradients,  as  well  as  turbulent  mixing  around  its  perimeter.  This  is  unlike 
the  free  jet  case,  where  gradients  are  axisymmetric.  Azimuthal  variation  is  illustrated  by 
the  mean  streamwise  velocity  profiles  in  the  (X,Y)  and  (Y,Z)  planes.  The  velocity  in  the 
freestream  adjacent  to  the  top  and  bottom  segments  of  the  jet  is  higher  than  the  velocity 
in  the  jet  proper,  while  the  velocity  in  the  wake  flow  on  the  spanwise  sides  of  the  jet  is 
lower  than  the  velocity  in  the  jet  proper. 

The  mixing  interaction  between  the  jet  and  the  primary  flow  occurs  within  the 
confines  of  the  region  which  is  marked  by  the  wake  in  the  flow  without  injection.  Thus 
the  jets  exhibit  limited  spread  in  the  transverse  (Y)  direction,  which  limits  mixing  with 
the  primary  freestream  flow.  It  is  likely  that  compressibility  affecting  the  top  and  bottom 
segments  of  the  jet  is  responsible  for  the  limited  transverse  spread  of  the  jet  into  the 
freestream  flow.  However,  the  various  nozzle  geometries  [circular  (C),  circular-with- 
tabs  (Tl,  T2,  T3)  and  elliptic  (El,  E2,  E3)]  create  different  mixing  dynamics,  which 
affects  the  overall  mixing  of  the  helium  in  the  jet  with  the  air  of  the  primary  flow. 

The  axis-switching  phenomenon  apparent  in  free  jets  issuing  from  oblong  nozzle 
geometries  is  apparent  for  the  jets  issuing  from  the  elliptic  nozzle  (El,  E2,  E3)  in  this 
study.  However,  interaction  of  the  mixing  layers  with  the  jet  appears  to  accelerate  an 
axis  switch  in  the  El  case,  distort  the  axis  switch  in  the  E2  case,  and  retard  the  axis 
switch  in  the  E3  case.  The  effect  of  the  mixing  layer  on  axis  switching  can  be  understood 
by  considering  an  oblong  free  jet  where  the  development  of  vorticity  around  the 
perimeter  is  believed  to  be  primarily  responsible  for  axis-switching.  Likewise, 
bifurcation  similar  to  that  occurring  in  free  jets  issuing  from  a  nozzle  with  two  tabs  is 


281 


clearly  seen  in  the  case  of  the  elliptic  jet  in  this  study  with  the  T1  orientation.  The  effect 
of  the  mixing  layers  on  the  bifurcation  of  the  jet  can  be  understood  by  considering  the 
development  of  the  pair  of  counter  rotating,  streamwise  vortices  which  are  generated  by 
each  tab  and  which  engulf  surrounding  fluid,  and  by  considering  the  ejection  of  jet  fluid 
into  the  surrounding  fluid  by  the  radial  component  of  velocity  perpendicular  to  the  nozzle 
diameter  connecting  the  two  tabs.  The  orientation  of  the  nozzle  relative  to  the  mixing 
layer  dictates  whether  the  mixing  layer  characteristics  reinforces  or  suppresses  the  jet 
development  observed  in  free  jets. 

Visual  inspection  of  the  instantaneous  and  average  Rayleigh/Mie  scattering 
images,  particularly  those  of  the  face-on  (Y,Z)  plane  of  view,  suggests  that  the  T1  jet 
mixes  most  effectively,  followed  by  the  El  case  with  the  T3,  T2  and  C  cases  incurring 
the  least  effective  mixing.  In  agreement  with  the  LDV  streamwise  velocity  profiles,  the 
Rayleigh/Mie  images  show  the  El  case  to  spread  the  most  in  the  spanwise  (Z)  direction 
but  the  El  jet  remains  coherent  as  compared  to  the  T1  case,  which  incurs  more  mixing. 
The  LDV  profiles  in  the  (X,Z)  plane  at  X/h  =  2  for  the  El  case  show  noticeably  elevated 
values  of  U ,  %v  l^he  wake  region  on  the  spanwise  sides  of  the  jet  proper. 

This  suggests  that  the  jet  in  the  El  case  has  a  substantial  effect  on  the  wake  flow  near  the 
base  of  the  strut,  which  may  enhance  age  mixing  or  back  mixing  of  whole  or  partially 
burned  gases  into  the  fuel/air  mixture  to  sustain  combustion,  i.e.,  flame  holding. 

The  mixing  effects  of  the  various  nozzle  geometries  were  evaluated  using  a  shape 
factor  and  mixedness  index.  A  shape  factor  parameter  was  used  to  describe  the 
convolutedness  of  the  jet  perimeter  relative  to  a  circular  jet.  The  value  of  the  shape  factor 
indicates  the  mixing  potential  of  the  jet  in  terms  of  the  presence  of  large-scale  structures 
and  the  area  of  the  interface  between  the  jet  and  the  primary  fluid.  Large-scale  structures 
impart  energy  to  smaller  structures  through  the  energy  cascade  process,  and  the 
interfacial  area  provides  the  opportunity  for  small  scale  viscous  mixing  —  both  ultimately 
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leading  to  the  small-scale  mixing  required  for  efficient  combustion.  The  shape  parameter 
at  X/h  =  2  and  4,  in  conjunction  with  values  of  jet  area,  showed  that  the  T1  jet  offered  the 
most  mixing  potential  and  that  the  T3  and  E3  offered  the  least  mixing  potential  of  the 
cases  in  this  study.  These  results  are  consistent  with  the  conclusions  drawn  from  the 
Rayleigh/Mie  scattering  images. 

The  shapes  of  the  jets  are  very  distinct  at  X/h  =1,2,  and  4  and  become  less 
distinct  downstream  at  X/h  =  6.8  and  10,  as  the  large  mixing  structures  break  down  into 
smaller  scale  structures.  Therefore,  a  mixedness  index  was  developed  and  used  to 
characterize  the  small-scale  mixing  at  the  furthest  downstream  station  in  order  to 
compare  relative  mixing  between  the  jets.  The  T1  and  El  cases  appeared  to  approach  full 
mixing,  while  the  T3  and  E3  cases  remain  fairly  unmixed.  Thus  the  case  exhibiting  the 
highest  mixing  potential  just  downstream  of  the  base  (largest  shape  factor)  can  be  seen  to 
produce  the  most  fully  mixed  jet  downstream.  Likewise,  the  cases  exhibiting  low 
mixing  potential  (small  shape  factor)  produce  unmixed  jets. 

The  LDV  results  show  that  the  streamwise  turbulence  intensity  is  larger  than  the 
transverse  turbulence  intensity  in  the  mixing  regions  of  both  the  flow  without  injection 
and  the  injection  cases.  This  signifies  that  the  turbulent  transport  in  the  streamwise 
direction  is  superior  to  that  in  the  transverse  direction.  Although  transport  in  the 
streamwise  direction  may  be  beneficial  to  back  mixing  in  combustion,  turbulent  transport 
in  the  transverse  direction  is  desirable  for  mixing  between  the  jet  and  the  primary 
freestream  flow.  Thus  the  nature  of  the  mixing  regions  in  this  study  is  not  conducive  to 
effective  mixing  of  the  jet  with  the  freestream. 

The  transition  between  mixing  dominated  by  large-scale  effects  near  the  base  of 
the  strut  and  mixing  dominated  by  small-scale  effects  further  downstream  is  suggested  by 
several  factors.  First,  the  distinct  LDV  profiles  at  X/h  =  2  become  vmiform  by  X/h  =  6.8, 
signifying  that  the  bulk  of  the  mixing  occurs  upstream  of  X/h  =  6.8.  Second,  the  velocity 
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distribution  for  the  circular  (C)  case  shows  a  transition  point  somewhere  between  X/h  =  6 
and  7,  signifying  a  decrease  in  mixing  activity.  Similarly,  a  large  structure  appearing  as  a 
“lobe”  on  the  circular  (C)  jet  in  the  face-on  view  Rayleigh/Mie  scattering  images  at  X/h  = 
1,  2,  and  4  is  not  apparent  at  X/h  =  6.8,  signifying  that  the  large  scale  structures  diminish 
by  X/h  =  6.8. 

The  complex  interaction  of  the  jet  and  the  surrounding  primary  flow,  especially  in 
the  spanwise  direction,  behind  the  strut  near  the  base,  warrants  further  study.  Three- 
component  LDV  would  be  a  promising  candidate  for  such  data  collection.  Since  the 
wake  formed  by  the  strut  is  such  an  overwhelming  factor  in  the  mixing  of  the  jet  with  the 
freestream  in  this  configuration,  the  modification  of  the  strut  to  alter  the  wake  flow  may 
prove  fruitful.  Furthermore,  a  detailed  set  of  experiments  in  a  simple  free  shear  layer 
would  permit  further  characterization  of  the  mixedness  index. 
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APPENDIX  A 


FREESTREAM  MACH  NUMBER 


Trae  freestream  Mach  number  calculated  from  freestream  velocity  values  measured  using 
the  LDV  system  and  stagnation  temperature  measured  in  the  stagnation  chamber. 


U  =  506  m/s  (measured  at  X  =  -1 .27  cm  in  freestream  air  flow) 
Tq  =  300  K  (measured  in  stagnation  chamber) 

Po  =  345  KPa 
R  =  287  kJ/kg-K 
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Isentropic  flow: 
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APPENDIX  B 


HELIUM  EXIT  PRESSURE 

Calculations  of  helium  thermodynamic  conditions  at  the  nozzle  exit  for 
static  helium-to-ffeestream  air  pressure  ratios  'P  =  1, 2,  and  4. 


Tq  =  300  K  (measured  in  stagnation  chamber) 
M=  1 

R  =  2077kJ/kgK 
=  1.67 

T  y —  1 

Isentropic  acceleration:  —  =  1  +  - - 

T  2 


At  nozzle  exit  (M  =  1)  gives:  1.335 - =  225 K 


P 

-^=  2.055 
Pe 


U  =  Ma  =  .^f^ - =883  m/s 

_  P 

P  =  —pU^  (momentum) 
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AB-1 

AB-2 

AB-3 

AB-4 

AB-5 

AB-6 

AB-7 


For  'F  =  1,  Po  =  97  KPa  ^  Pe  =  47  KPa,  Pg  0.0.1  kg/m3,  P,  =  39.0  x  10^  kg/m-s2 
For  'P  =  2,  Pq  =  207  KPa  ^  Pe  =  101  KPa,  Pg  =  0.22  kg/m^,  P,  =  85.7  x  lO^  kg/m-s^ 
For  T  =  4,  Po  =  414  KPa  Pg  =  201  KPa,  Pg  =  0.44  kg/m3,  P,  =  171.5  x  103  kg/m  s2 
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APPENDIX  C 


Mean: 


LDV  DATA  REDUCTION  EQUATIONS 

-(U,+U:,+V,  + . C/„) 


-  1/1 

U  =  -1U, 
n  <:=1 


or 


Standard  Deviation:  (T„  = 


where  n  is  the  number  of  samples  in  the  data  set. 
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APPENDIX  D 


BOUNDARY  LAYER  CALCULATIONS 


Van  Driest  II  [Schetz  1993] 
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The  left  hand  side  of  the  above  equation  is  denoted  Ugff  for  convenience,  where 
To  =  300  K,  Pq  =  345  KPa,  Uoc  =  506  m/s,  Moo  =  1.92,  Toe  =  172  K,  =  49.9  KPa. 
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APPENDIX  E 


STANDARD  DEVIATION  FOR  A  STREAM-SEPARATED  FLOW 


Figure  AE-1 .  Time-varying  concentration  trace  in  a  stream-segregated  flow. 
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